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SUMMARY 

The four unidirectional fluxes of alanine across the mucosal and serosal 
borders of  rabbit  ileum were evaluated as functions of the alanine concentration on a 
single piece of  tissue using a method previously described (Naftalin, R. J. and Curran, 
P. F. (1974) J. Membrane Biol. 16, 257-278). The effects of  Na + removal and of 
ouabain on these fluxes were investigated. Alanine was actively transported across the 
mucosal membrane under control conditions; Na + removal or ouabain inhibited 
this process as a result of  a decrease in flux f rom the mucosal solution to the cell and 
an increase in the flux in the opposite direction. The results concerning mucosal 
efflux of alanine are apparently inconsistent with the carrier model for alanine trans- 
port  at this border. Alanine transfer across the serosal membrane appeared to involve 
a facilitated transfer mechanism. Alanine movement  at the serosal side of  the cell was 
not influenced by Na +. 

INTRODUCTION 

The knowledge of the fluxes of a solute across the mucosal and the serosal 
membranes of  an epithelium is fundamental for the understanding of the net transport  
of  the solute by the epithelium. As far as amino acid transport  is concerned consider- 
able information has been collected on alanine transport  by mammalian small intes- 
tine [1-4]. These studies used separate measurements of  bidirectional transmural 
fluxes across the epithelium and influx across the mucosal border, measurements made 
on three separate pieces of  tissue, for calculating the remaining unidirectional fluxes 
[3, 4]. In these calculations it is assumed that the tissue behaves as a single compart-  
ment for the amino acid involved. Recently, Naftalin and Curran [5], assuming as 
in earlier studies that the tissue is operationally a single compartment  for the solute 
involved, were able to calculate all four unidirectional fluxes of galactose in rabbit 
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ileum from direct measurements made on a single piece of tissue. Their results were 
similar to those obtained by other investigators from direct measurements and were 
consistent with conclusions regarding sugar transport drawn from a variety of other 
studies [6]. Such information is not available for alanine transport in rabbit ileum. 
Mucosal influx and efflux have been measured directly [4, 7, 8 ], but direct information 
regarding the serosal membrane is available only for turtle small intestine [9]. 

In the present studies the unidirectional fluxes of alanine across the mucosal 
and serosal borders of rabbit ileum were evaluated according to the approach of 
Naftalin and Curran under a variety of experimental conditions. 

METHODS 

Male New Zealand white rabbits were killed by intravenous injection of sodium 
pentobarbital. A segment of ileum was removed rapidly, washed free of intestinal 
contents with ice-cold Ringer's solution and stripped of serosal and muscle layers as 
previously described [10]. The stripped tissue consists of mucosa, lamina propria, 
muscularis mucosae and occasional adherent portions of the inner muscular layer [10]. 
The mucosal tissue was then mounted as a flat sheet between Lucite half-chambers 
with an area of 3.14 cm 2 in the apparatus described by Schultz and Zalusky [11 ]. The 
tissues were then exposed to Ringer's solution (15 ml at each side) containing varying 
concentrations of L-alanine labelled with L-[3H]alanine (mucosal solution) and 
L-[~4C]alanine (serosal solution). The Ringer's solution contained, in mM, 140 NaC1, 
10 KHCO3, 0.2 KH2PO4, 1.2 K2HPO4, 1.2 CaCI2, 1.2 MgC12 and was continuously 
bubbled with 95 % 02/5 % CO2. All experiments were carried out at 37 °C. In some 
experiments all NaC1 in the Ringer's solution was replaced by choline chloride. 

30 rain after the tissues were exposed to the bathing solutions and to the 
isotopes, one-ml samples were removed from both mucosal and serosal solutions for 
counting at 20- or 25-min intervals for 100 min. At the end of the experiment, the 
"ho t"  solutions were removed, and both sides of the chambers were rapidly washed 
with ice-cold Ringer's solution with the membrane still in place. The chambers were 
then opened; the exposed circle of tissue was cut out and blotted carefully on both 
sides to remove the excess moisture. The mucosa was scraped off using glass micro- 
scope slides to remove any muscle left from the stripping procedure. The resultant 
tissue was then weighed wet in a small tared flask and extracted by shaking for 2 h in 
3-5 ml of 0.1 IV[ HNO3. Samples from the extract were taken for counting. Tissue 
samples were dessicated overnight at 80 °C to determine the dry weight. Tissue water 
was calculated as the difference between wet and dry weights. Cellular water was 
calculated taking an extracellular space of 30 % of tissue wet weight (inulin space 
determined in this laboratory). 

Radioactive samples were counted in a liquid scintillation spectrometer set to 
provide adequate discrimination between 3H and ~4C. Appropriate standards were 
used to separate counts of the two isotopes in the various samples. Transmural fluxes 
were calculated from the rate of tracer appearance on the "cold" side and the specific 
activity of the "hot"  side. As the flux values calculated between the first and the last 
20-min intervals did not differ significantly, they were averaged over the 100 min for 
each tissue. In most experiments, four pieces of tissue were studied simultaneously, 
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each with a different concentration ofalanine in the bathing solutions. An experiment 
was repeated 9 or more times for each condition. 

Assuming that rabbit ileum can be described in terms of a three compartment 
system, mucosal solution (compartment m), cell (compartment c) and serosal solution 
(compartment s), the unidirectional fluxes of a solute across individual barriers have 
been derived using the following relationships [5]: 

Jmc Jms@Jsm R (1) 
Jcm J,,m (1 + R )  (2) 
Jcs = Jms ( 1 ~  l/R) ( 3 )  

J,~ = Lm@Jms/R (4) 

If solute concentrations are identical in compartment m and s, 

R ~ Jm¢ (cpm)T/(cpm/ml)X~ 
j~-¢ = (cpmC)/(cpm/ml)C (5) 

Superscripts T and C refer to 3H- and 14C-labelled solute. 

R E S U L T S  

The measured transmural fluxes of alanine as a function of external alanine 
concentration are shown in Fig. 1 for control conditions. The mucosa to serosa flux, 
Jm~, bears a convex relationship to concentration. The flux in the opposite direction, 
from serosa to mucosa, Jsm, appears to bear a concave relationship with external 
alanine concentration, although the points could be fitted also by a straight line. 
The net active flux of alanine across the tissue is also shown. Fig. 2 presents the change 
of the ratio R and of the intracellular alanine concentration with external alanine 
concentration. R is the ratio of the two isotopes in the tissue, normalized to the 
specific activity of each isotope in the external solutions. It reflects the relative 
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Fig. 1. Measured transmural fluxes o f  alanine under contro l  condit ions as functions o f  external 
alanine concentra t ion .  Points  are means ~S .E .  of  tO or more  experiments  at  each concentra t ion.  
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Fig. 2. The measured ratio R and cellular alanine concentration as functions of  external alanine 
concentration in control experiments. -- ,  R; . . . .  , intracellular alanine concentration. Points are 
mean :~S.E. of  at least 10 experiments at each concentration. 

quantities of solute which enter the cell from the mucosal and serosal solutions. 
This ratio decreases with an increase in external alanine concentration, from 2.4 at 
5 mM to 1.6 at 40 mM external alanine. This means that at the lower concentration 
about 2.5 times more alanine enters the cells from the mucosal side than from the 
serosal medium. As the alanine concentration in the medium increases the serosal 
contribution to the cellular alanine is increased with respect to that of the mucosal 
solution, and at 40 mM external alanine, approximately equal quantities of alanine 
enter from both sides. The total intracellular alanine concentration is a linear function 
of the alanine in the bathing solutions in the range of concentrations employed in these 
experiments. However, the accumulation ratio, Alacen/Alamedium, decreases from 
4.3 at 5 mM to 2.6 at 40 mM external alanine. The accumulation ratio of 4.3 at 5 mM 
external alanine is about half that previously reported in the literature at the same 
external alanine concentration [1]. This apparent discrepancy was not due to too 
short a time of extraction in our experiments (2 h) as compared to 24 h in earlier data. 
There was no significant difference between the cellular alanine concentration 
estimated after 2 h and after 24 h of extraction for all concentrations of alanine 
employed in these experiments. This suggests that the difference between our values 
for cellular alanine and those reported by other investigators at 5 mM external alanine 
may be due to animal variation. 

From the results presented in Figs. 1 and 2 the unidirectional fluxes across the 
mucosal and serosal borders were calculated. They are shown in Fig. 3. On the left side 
are shown the influxes of alanine from mucosal and serosal solutions into the cells as a 
function of the external alanine concentration. On the right side we can see the 
effluxes of alanine from cell to mucosal and to serosal solutions as functions of the 
cellular alanine concentration. The mucosal influx shows a clear tendency towards 
saturation, in agreement with data from direct measurements [7, 12]. The hyperbolic 
shape of the mucosal influx with concentration indicates that the effective permeability 
coefficient for unidirectional alanine movement from mucosal solution to cell, 
Pmc = Jm¢/Alamea~um, decreases with increase of external alanine concentration. The 
mucosal efflux, Jem, increases as the cellular alanine rises, but the increase in the flux 
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Fig. 3. Calcula ted  unidi rect ional  fluxes across the mucosal  and serosal  boundaries .  Points are mean 
]: S.E. The points  for Jcm and Jc~ are average values ob ta ined  at  each of  the 4 external  a lanine concen- 
t ra t ions  and are plot ted agains t  the cor responding  average cellular  concentrat ion• 

is more pronounced than the increase in concentration, suggesting that there is an 
increase in the effective permeability coefficient for the exit of alanine at this border, 
P c m  ~ J~m/Alac,,l. However, the uncertainties in the estimated values and the physical 
meaning of  cellular alanine concentration make it difficult to establish clearly the 
behaviour of Jem a s  a function of intracellular alanine concentration. There is net 
absorption of alanine across the mucosal border at all concentrations of external 
alanine. The data presented in Fig. 3 provide a clear evidence against a simple diffusion 
process for the movement of alanine at the serosal border, as the ratio of the fluxes is 
consistently lower than the ratio of concentrations. This difference may be even 
greater, because of an underestimation of the cellular alanine, due to the washing 
procedure (see Methods). Jc~ increases quite linearly with concentration, up to approx- 
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Fig. 4. Measured  t ransmura l  fluxes of  a lanine  a s / u n c t i o n  of  external  alanine concentra t ion in Na  +- 
free and  ouaba in- t rea ted  tissues. 0 ,  control ;  C), Na+-f ree ;  A,  ouabain .  Some points  are displaced 
on the X-axis  for clarity. Each poin t  in the exper imenta l  condi t ions  is mean  4 S.E. of  9 exper iments  or 
more. 



205 

h -  

I 

120 

I I I I 

20  4 0  

[AlO]o (,.M~ 

0 
0 

A 9 O  

E 

= 6 0  
o 
u 

o 

"~ 30  

0 
0 

~ ~ ~ S ~  

| I I I 

20  4 0  

[AI,]o (mMI 

Fig. 5. The  effect o f  Na+- f ree  and  ouaba i n - t r e a t men t  on  the  ratio R and  on cellular a lanine concentra-  
tion. Symbols  as in Fig. 4. Each  poin t  in the exper imenta l  condi t ions  is the m e a n  ± S.E. o f  at least 9 
experiments .  

i 

J 
E 

i, 

8 

6 

o 
E 4 

2 

0 1 I I L 
0 2 0  4O 

[Al°]mlmM) 
Fig. 6../-me (mean  4-S.E.) as a func t ion  o f  external  a lanine concent ra t ion  in Na+- f ree  and  in ouaba in-  
t reated t issues.  Symbols  as in Fig. 4. The  ouaba in  points  are displaced on the  X-axis  for clarity.  



206 

imately 50 m M  cellular alanine. However at the highest cellular alanine this increase 
in Jc~ is not proportional to concentration, suggesting a saturation of the transport 
mechanism. The serosal influx, J~c, also suggests some tendency towards saturation, 
but within the limits of experimental error these results may be fitted also by a straight 
line. 

The experiments that will be presented below were carried out in Na+-free 
Ringer and in Na+-Ringer plus 10 -4  M ouabain. Mucosal strips of  rabbit ileum, 
incubated in Na+-Ringer and 5 mM alanine, have a cellular Na + concentration of 
about  50 m M  [1]. Incubation in Na+-free Ringer results in a rapid depletion of 
intracellular Na +, to only 7-10 m M  [1 ]. Ouabain leads to an increase in cellular Na +. 
resulting in a Na + concentration in the cell not different from that of  the medium [1 ]. 
In our experiments these experimental manipulations were intended to change the 
external and/or the intracellular Na + concentrations, so that the importance of  the 
Na + gradient for the movement of alanine at the mucosal border could be verified 
and the dependence of the serosal fluxes of  alanine on Na + could be ascertained. 

Figs. 4 and 5 show effects of  these treatments on the measured quantities. 
Control values are also shown for the sake of comparison. As shown in Fig. 4, 
the net flux of alanine across the intestine is abolished in Na +-free Ringer and follow- 
ing pretreatment with ouabain. This is mainly due to a sharp reduction in Jm~, 
significantly lower than control levels. J~,m is slightly increased compared to control 
conditions, and the increase is significant except at 4 0 m M  external alanine for 
ouabain-treated tissues, where J~m, in these tissues, is not significantly different from 
the control values. There appeared to be a linear relationship between the fluxes and 
concentration. Na+-free conditions and Na+-Ringer plus ouabain reduced the ratio 
R to values below unit (Fig. 5), indicating that under these conditions more than 50 ",~i 
of  the cellular alanine comes from the serosal solution. This ratio does not change 
with concentration, which implies that the same relative quantities of the amino acid 
enter the cell from the mucosal and serosal sides at all concentrations. These findings 
suggest that, at least for the Na+-free condition, the serosal membrane is more 
permeable to alanine than the mucosal membrane. Fig. 5 also shows that cellular 
alanine accumulation is abolished in the Na+-free condition. Except at 5 mM external 
alanine, the intracellular alanine concentration is significantly lower than its concen- 
tration in the bathing solutions. However because of the washing procedure the 
cellular alanine concentration may be somewhat underestimated. Treatment with 
ouabain decreases the cellular accumulation of alanine, but its concentration in the 
presence of ouabain is significantly higher than that of  the external solution, lntra- 
cellular alanine concentrations above the concentration in the external medium were 
also reported by Schultz et al. [I] in some experiments where the time course of 
alanine uptake from normal buffer (5 m M  alanine) containing 5- 10-5 M ouabain 
was followed up to 50 min. 

The unidirectional fluxes across the individual borders, calculated from the 
data presented in Figs. 4 and 5, are shown from Figs. 6 to 9. Fig. 6 illustrates the flux 
from the mucosal solution into the cell, Jmc, as a function of external alanine concen- 
tration. After both treatments, Jmc was markedly reduced and became a linear 
function of concentration with no evidence of saturation. The flux values for each 
concentration in Na+-free Ringer and after ouabain are not significantly different. 
The decrease in Jmc upon withdrawal of  external Na + is predicted by the carrier model 
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Fig. 8. Jcm (mean ±S.E.)  in Na+-free and ouabain conditions as a function of intracellular alanine 
concentration. Symbols as in Fig. 4. 

for the movement of alanine at this border [7], whereas the decrease in Jmc after 
ouabain is not. Fig. 7 presents the relationship between the serosal influx and the 
serosal alanine concentration in Na+-free Ringer and ouabain-treated tissues. As in 
the case of the mucosal influx, the serosal influxes are linearly related to the serosal 
alanine concentration under both conditions. The values of Jsc in the absence of 
external Na + are significantly lower than the controls, except at 40 mM external 
alanine, but the difference is rather small. This suggests that the movement of 
alanine from the serosal solution into the cells does not depend strongly on external 
Na +. However ouabain treatment significantly reduces Jsc below control levels at all 
external alanine concentrations. 

The change in Jcm with intracellular alanine concentration for Na+-free and 
ouabain-treated tissues can be seen in Fig. 8. Control values are also shown for the 
sake of comparison. The flux of alanine per unit cellular concentration is increased 
after ouabain treatment with respect to control conditions. This result is consistent 
with the carrier model proposed for the movement of alanine at this border. However 
the results in Na+-free Ringer do not seem consistent with this carrier model, because 
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in these conditions the mucosal efflux per unit concentration of alanine is higher than 
the control and ouabain-treated tissue levels. The carrier model would predict a 
lower efflux at a given cellular alanine concentration when cellular Na + is low (Na ÷- 
free) than when cellular Na + is higher (control and ouabain). 

The movement  of  alanine from the cell to the serosal solution Jcs, for Na+-free 
and ouabain-treated tissues is presented in Fig. 9. Control values are also presented 
for comparison. In the absence of external Na +, the intestine loses its capacity to 
accumulate alanine, however, J~s per unit cellular alanine concentration is the same as 
in control conditions. This observation strongly suggests that the exit of alanine at the 
serosal border does not depend on cellular Na +, which in the situation above is 
decreased with respect to control conditions. However our values for Jcs in ouabain 
treated tissues are slightly but significantly lower than the values of Jc~ in control and 
Na÷-free conditions at similar cellular alanine concentrations. 

DISCUSSION 

In the present analysis, it is assumed that all radioactivity measured in the 
solutions and tissue represents alanine. Schultz et al. [1 ] have reported that at least 
95 ~o of the radioactivity in the incubation media and that extracted from rabbit 
ileum migrated with cold alanine on ascending paper chromatography. It is also 
assumed that the transmural movement  of  alanine follows a transcellular route. 
Recent studies of Frizzell and Schultz [13] have demonstrated a significant para- 
cellular pathway for ion movement  in rabbit  ileum. However this shunt does not 
appear to play a major role in the transepithelial movement  of  amino acids, as mucosal 
influx of amino acids, under control and Na+-free conditions, is subjected to com- 
petitive inhibition by other amino acids [7, 14]. The recent studies of Rinaldo et al. 
[15 ] suggesting that the transepithelial movement  of  sugars in Na +-free media occurs 
through the shunt pathway may not be extended to amino acids, as the movements of 
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sugars in the absence of external Na appear to be diffusional. The basic assumption 
inherent to this approach for estimating unidirectional fluxes, i.e., that the tissue acts 
as a single compartment with respect to alanine, is rather difficult to verify. The small 
intestine is composed of at least three kinds of cells which may not be involved to the 
same extent in transmural transport of alanine. Some investigators [16-18] have 
suggested an anatomical separation between Na ÷ and fluid absorption and Na ÷ and 
fluid secretion, absorption occurring in the villa and secretion in the crypts. However, 
recently De Jonge [19] has presented experimental evidence that both villa and crypts 
contribute to the secretion of water and electrolytes during cholera, suggesting that 
absorptive and secretory processes occur within the same epithelial compartment. 
On the other hand, Kinter and Wilson [20] have suggested that the crypts of Lieber- 
kiihn do not communicate with the mucosal fluid and may constitute a compartment 
that is not involved in the transmural transport of alanine. However, both villous 
and crypt epithelium are able to bind the cholera toxin present in the lumen to their 
surface [21]. The fairly good agreement between some of our calculated fluxes and 
data from direct measurements (see below) would suggest that the assumption made 
in our calculation is reasonable. 

Using a different approach for obtaining unidirectional fluxes of  alanine across 
individual cell borders, our results Of Jmc, under control conditions, are consistent with 
those reported earlier by direct measurements of influx across the brush border 
[3, 4, 7 ]. Under control conditions, Jmc is a saturating function of the external alanine 
concentration, in agreement with results from Curran et al. [7] and Schultz et al. [12]. 
Our experiments yield values for K t and Jm~ m, 24.5 and 12.5~mol.  cm - 2 .  h -~ 
respectively which are higher than those reported by Curran et al. We do not have a 
clear explanation for this discrepancy. Differences in unstirred layer under different 
experimental conditions may be responsible, at least in part, for differences in Kt 
values [22]. 

The behaviour of dmc in Na+-free Ringer, sharply decreased as compared to 
control conditions, is consistent with the carrier model proposed for the movement of 
alanine across the mucosal barrier [7]. In the absence of external Na +, there is no net 
flux of alanine across the mucosal membrane and no alanine accumulation by the 
tissue, both results being consistent with the hypothesis that the Na÷-gradient across 
the mucosal border determines the asymmetry of alanine fluxes at this barrier under 
control conditions. Despite the linearity of Jmc with external alanine concentration, 
this flux is probably a carrier mediated transport because the mucosal influx in the 
absence of  external Na ÷ is subjected to inhibition by other amino acids [7]. The sharp 
decrease in Jm~ in the presence of ouabain, similar to the results of Luisier and Robin- 
son [23], may suggest a direct effect of ouabain on Jm¢" Direct measurement of influx 
after ouabain treatment is decreased by 30 9/0 with respect to control conditions, and 
this effect of ouabain was attributed to cell swelling that occurs when the tissue is 
treated by ouabain [3]. Swelling, with no ouabain present, causes a decrease of 30 9/0 
of mucosal influx respective to control levels. A direct effect of ouabain on initial rates of 
uptake of amino isobutyrate (AIB) has been shown in membrane vesicles from Ehrlich 
ascites cells [24]. Such an effect is not likely in our experiments. Inspection of Figs. 
6-9, shows that, after ouabain, the four fluxes per unit concentration are decreased 
with respect to control conditions. Such observation would suggest a rather unspecific 
effect of ouabain. Charalampous [25] has shown that the effect of  ouabain on AIB 
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influx in KB cells is of an indirect nature, preventing an adequate intracellular 
concentration of K +. The 80 ~ decrease of  influx in ouabain-treated tissues in our 
experiments may be due to the K + gradient effect on the carrier mediated transport 
process and to changes in electrical potential difference across the mucosal membrane 
in addition to the cell swelling. 

The relationship between Jcm and concentration of alanine in the three con- 
ditions, control, Na+-free and ouabain, is puzzling and difficult to interpret in terms 
of the carrier model for alanine movement  at this membrane. As seen in Fig. 8, at 
similar cellular alanine, Jcm, in ouabain experiments, where cellular Na is increased 
respective to control conditions, is higher than in control tissues. This finding alone 
supports the carrier model proposed for the exit of  alanine at this border. However, 
in Na+-free Ringer, the value of Join at similar cellular alanine levels as in control and 
ouabain-treated tissues, is higher than the values of Jcm in the two conditions above. 
This finding is not predicted by the model, where, a lower efflux for the Na+-free 
condition than in control and ouabain-treated tissues is expected. Similar behaviour 
of galactose efflux at the mucosal membrane was found by Naftalin and Curran [5] 
in rabbit  ileum. This finding was interpreted by these investigators as a recapture of  
galactose leaving the cell at this border back to cell, in control and ouabain tissues, 
which was absent when Na + was substituted by choline in the external solutions. 
In rabbit  ileum, Hajjar et al. [8] have shown that labelled alanine leaving from cell to 
mucosal solution was recaptured back to the cell. The recapture was virtually absent 
when external alanine was raised to 40 m M  or in the absence of external Na. However 
we do not think this phenomenon alone can account for the higher efflux of alanine 
per unit concentration in Na+-free Ringer than in ouabain and control experiments. 
At 40 mM external alanine, recapture should be virtually absent in the control and 
ouabain experiments; however, at this external alanine concentration, the effective 
permeability coefficient for alanine exit at the mucosal border, Pcm Jcm/Alace u, in 
the Na+-free conditions is significantly higher than its values in control and ouabain- 
treated tissues at such concentration. No conclusive answer can be reached from our 
experiments, however they suggest that the adequacy of the carrier model for the exit 
of  alanine at the mucosal border should be reevaluated. For example, if in the equation 
for the net flux of alanine at the mucosal border (see appendix) we employ the accepted 
values for cellular Na + and alanine concentration, a net secretion of alanine at this 
border is forecast. Influx is predicted according to experimental data, but the efflux is 
not, thus resulting in a net secretion, which is contrary to what is observed experi- 
mentally, i.e., net absorption. Net absorption will be predicted by Eqn. A3 only if 
K 1K 2 ~ K3K 4 or if KIK2 K 3 K  4 and the "effective" alanine and/or Na + concentra- 
tions are less than those experimentally measured. Pietrzyk and Heinz [26] have 
shown that in Ehrlich cells cellular Na is sequestrated by the necleus, thus the cyto- 
plasmic Na + is only 15 ~ of the intracellular Na +. No similar evidence is available 
for rabbit ileum, but Lee and Armstrong [27] have shown that in isolated bullfrog 
intestine the activity of cellular Na + is lower than the concentration of this ion. Besides 
the potential difference probably plays some role on the exit of  alanine at this border 
inasmuch as the entry appears to be rheogenic [28]. Some investigators have reported 
values of  mucosal alanine efflux that do not quite agree with what is predicted by the 
carrier model for the exit of  alanine at this border. For example, Hajjar et al. [8 ] have 
shown that alanine effluxes in ouabain-treated tissues, having similar cellular alanine 
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concentrations as the controls, are about equal to the effluxes under control con- 
ditions. On the other side, Naftalin and Holman [29] have shown that the effective 
permeability for the exit of galactose from cell to mucosal solution Pcm = Jcm/ 
Gal¢,~l, decreases when external Na ÷ is increased, condition in which the cellular Na ÷ 
would be rising too, thus leading to an increase in P¢,~. 

JCs in control experiments saturates when cellular alanine increases. This 
finding is consistent with the results of Hajjar et al. [9] who measured directly the 
serosal efflux of alanine in turtle intestine. These investigators observed also that 
alanine movement across the serosal membrane was a Na÷-independent process. 
This fact is confirmed in our experiments, i.e. at equal cellular alanine concentrations 
in control tissues, where cellular Na + is about 50 mM, JCs is not different from its 
values in tissues where the external Na is replaced by choline, and cellular Na ÷ is 
only 7-10 mM. The movement of alanine in the opposite direction also does not seem 
to depend strongly on external Na ÷, as Jcs in control conditions (external Na ÷ 140 mM) 
is only slightly higher than Jsc in Na+-free experiments. Naftalin and Curran [5], 
Bihler and Cybulsky [30], and Murer et al. [31] also reported that the movement of 
sugars at the serosal side of intestine was Na +-independent. The decrease in flux per 
unit concentration gradient for the movement of alanine at this border in ouabain- 
treated tissues would not be expected if these movements were Na+-independent. 
However, the cell swelling and/or the decrease in cellular K ÷, that occurs in the 
presence of ouabain, may account, at least in part, for this effect. 

In summary, under control conditions, our studies have provided results, in a 
single set of experiments, that agree reasonably well with conclusions regarding 
alanine transport drawn from a variety of other studies. Our results for mucosal 
influx in control conditions are consistent with data for influx at the mucosal border 
obtained from direct measurements. Some of our results in Na+-free and ouabain 
conditions may not be consistent with the carrier model for alanine transport at the 
mucosal border. At the serosal border, we have provided, with these experiments, the 
first specific information about alanine transport across this barrier in rabbit ileum. 

APPENDIX 

Curran et al. [7] have derived an expression for alanine influx across the mu- 
cosal membrane in rabbit ileum according to the carrier model of Fig. 10. 

j,~ C,P[A]., 
= , as [A]¢ = 0 (A1) 

K'K2 + [A]m 
[Na + ]m + Kz 

where J~ is the influx, Ct is the total carrier concentration, KI = k_ Jk l ,  K2 = 
k-2/k2. The fundamental assumptions involved are: the translocation of the free 
carrier or complexes is the rate limiting step and the system is in the steady state. 
Schultz et al. [4] have demonstrated experimentally that, within the limits of experi- 
mental error, alanine influx is not subjected to a transconcentration effect. 

Following the same model and fundamental assumptions, we can show that the 
alanine efflux has exactly the same form as Eqn. A1 when [A]c :/: 0 and the etflux can 
be expressed as: 
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model for alanine transport at the mucosal border of rabbit ileum. 

CtP[A]~ 
JA = (12)  

K3K4 
- -  + [ A l c  

[Na+]c+K3 

where K 3 = k _  3/k3 and K 4 k_4/k , , .  The formula for the net alanine flux across 
the mucosal membrane in the steady state obtained by taking the difference between 
J2 and J2 is exactly the same as that derived by Curran et al. [7] for the net flux, i.e. 

JA = CtP- {K3K4([Na+ ]m+K2)[A]m-KIK2-([Na+]-c~K3)-[-A-]~}-- 

K 1 K2K3K4q- K 3 K 4 ( [ N a  + ]m q- K2) [A]m-{- K 1 K 2 ( [ S a  + ]c q--g3)[A ]c 

+ ([Na + ]m + K2)([Na + ]c + K3) [A]m[A]c (13) 

There have been numerous pieces of evidence from direct influx measurements and 
some from direct efflux measurements for the validity of this carrier model. Since the 
extracellular Na + and alanine concentrations are well known, and the intracellular 
Na + and alanine concentrations have been estimated, we would like to examine how 
the net alanine flux across the mucosal membrane can be predicted by Eqn. A3. It is 
known that when [A]m :: 5 mM and [Na + ]m 140 mM, then [A]c is approximately 
40 mM and [Na + ]~ about 50 mM [1 ]. Substituting these values into the numerator of 
Eqn. (A3), surprisingly JA < 0, if KIK2: K3K. ,. The predicted result is contra- 
dictory to what actually occurs, i.e., JA > 0. JA > 0 can be predicted by Eqn. A3 
only if (1) K 1K 2 ~ K 3 K  4 or (2) K 1K 2 K 3 K  4. and the "'effective" [A]c and/or [Na + ]~ 
are less than those experimentally measured. 
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