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ABSTRACT 

Recently, in our experiments, we used the short- 
circuit current technique to study the kinetic con- 
stants for nutrient transporters in rat gastric- 
intestinal tract and the thickness of the intestinal 
unstirred layer near the mucosa surface. It was 
shown that, during the process of aging, the num- 
ber of nutrient monomer transporters in the small 
intestine increases twofold, whereas the affinity 
of transporters to the correspondent nutrients 
remains unchanged. The situation for peptides 
may be opposite. The layer thickness in the vi- 
cinity of the mucosa surface, measured through 
glucose, decreased during the process of aging. 
It was suggested that, in old rats, the role of the 
digestive volume is more important, which re- 
sults in an increase of the number of nutrient mo- 
nomer transporters. 
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1. INTRODUCTION 

It has long been known that aging is accompanied by 
changes in the functions of the GI tract, in particular, ab- 
sorption and membrane digestion [1-3]. However, data 
on the influence of aging on the absorption of nutrients 
are contradictory [1,4-10]. Between all these studies, there 
are more differences (research methods, objects of study, 
the age of the animals, the localization of resected intes- 
tine, etc.) than the similarities.  

One reason for these contradictions may be the fact 
that absorption in the intestine may be performed in se- 
veral ways and each mechanism of nutrients absorption 
may depend on the age differently. In a quantitative sense, 
co-transport of Na+/glucose (SGLT1) is the most power- 
ful and specific mechanism of absorption in the small in- 

testine. Sometimes, there are even contradictions in one 
study. Results [1] indicate, that age reduces in vitro intes- 
tinal glucose uptake in the rat, but age-associated decline 
in glucose uptake was not explained by alterations in 
SGLT1. 

For nutrients from a bulk (chymus) in order to reach 
an intestine surface where membrane digestion and absorp- 
tion occur, they must overcome a so-called unstirred la- 
yer of fluid. So, another reason for these contradictions 
may be the fact that in all these studies the thickness of 
unstirred fluid layer near the surface of the intestine, 
which may vary with age, was not monitored. The con- 
cept of unstirred layers distinguishes two parts in the dif- 
fusion barrier: a step that can be somehow controlled (e.g. 
by vigorously stirring the solution)—substrate supply from 
the bulk to the unstirred layer boundary—and a step that 
cannot be influenced by the researcher, determined through 
simple diffusion through the unstirred layer to membrane. 
The existence of unstirred layers at the biomembranes is 
a general but poorly studied phenomenon, which may 
lead to ordering adjacent water layer, resembling the for- 
mation of hydration shell about dissolved molecules and 
ions. During the most vigorous stirring of a solution at 
any, even ideally smooth, surface, there are immobile 
layers of water. Such layers of course are found out of 
and near the mucosa surface of the gastrointestinal tract. 
Until recently, the concept of unstirred layers has had 
only theoretical interest, and it was not used in clinical 
studies, in particular in gastroenterology. Now, clinicians 
have learned to successfully reduce the rate of absorption 
of some nutrients by giving pectin and guar gum to pa- 
tients [6]. Effect of unstirred layers on the transport pro- 
cesses across the brush border membrane in any of the 
above-cited articles is not taken into account. 

The third possible reason for these contradictions is 
that, in the large majority of studies, the conclusions 
about an increase or decrease in the Na+-dependent ab- 
sorption of nutrients were drawn without taking into ac- 
count the kinetic parameters of coupled Na+/glucose 
absorption. The reduction in rate of absorption may be 
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caused both by the reduction of the number of corres- 
ponding transporters in the enterocyte membrane (Аmax) 
and by the decrease of the transporter affinity to this nu- 
trient (increase of Kt).  

In our study, we tried to take into account all three of 
the above factors. Useful tool for the resolution of the 
this problem is the new express procedure offered by us 
(the single-response method) [6] for an estimation of ki- 
netic parameters of Na+-coupled nutrient absorption in 
rat intestine and thickness of an unstirred layer of a fluid 
on short-circuit current (SCC) response to nutrients. Pre- 
liminary results were presented in [11]. 

2. MATERIALS AND METHODS 

2.1. Experiments 

Experiments were performed on sections of me-dial 
intestine (spread along the contramesenteral line) from 
Wistar male rats not fed for 16 - 18 h, with water ad li- 
bitum, by taking into consideration the following groups: 
young, 13 animals, age 4.5 months, weight 160 - 220 g 
and old, 5 animals, age 22 months, weight 400 - 550 g. 

The SCC technique modified as described in [10-12] 
was used. The magnitudes of SCC responses to monomer 
and dimer of nutrient additions to the solution, which 
superfused the rat intestine mucosa, were used as usual 
as a measure of the Na+-dependent nutrient absorption 
[12-15]. We used a modified Ringer’s solution (pH 7.4): 
80 mМ Na2S04, 5.6 mM KCl, 2.2 mM CaCl2, 2.05 
NaHCO3. It is known that active Nа+ transport does not 
change and that the SCC corresponds to the flow of ac- 
tively transported Na+. All experiments were carried out 
at 24˚ - 26˚. Only the serosal fluid was oxygenated. 

We used nutrients from “Reanal” (Hungary) and inor- 
ganic chemical agents from “Reachim” (Russia). 

2.2. Theoretical Model 

The following theoretical model was analyzed [6]. At 
the time t = 0, glucose was added to the solution in such 
a way that, because of fast stirring, the glucose bulk con- 
centration was constant and equal to Со, at a distance lar- 
ger than the unstirred layer thickness (δ). Glucose mole- 
cules start to diffuse through the unstirred layer to the 
membrane. The concentration at a distance “x” from the 
membrane at a time “t” is described by the series, 
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where Co is the bulk concentration of glucose, Cx is the 
concentration of glucose at a distance “x” from the intes- 

tinal surface, “n” are the natural numbers from 0 to infin- 
ity, δ is the unstirred layer thickness, and D is the diffu- 
sion coefficient for a given nutrient.  

The above expression was deduced from the solution 
of the diffusion equation 
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where С is the glucose concentration, t is the time, “x” is 
the distance, and D is the diffusion coefficient. On the 
membrane surface, the  nutrient concentration (x = 0) is 
equal to 
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by neglecting all the terms in the series apart from the 
first one and by assuming that 

2 24 π D                 (3) 

and by taking into account that, if t = 0,Сs = 0, we have  

 = 1 expСs Со t τ    .          (4) 

the relation between the magnitude of the SCC response 
to glucose and its surface concentration is not linear.  

maxА=A Сs (Kt+Сs)            (5) 

where А is the amplitude of the SCC response, Аmax is 
the amplitude of the SCC response to infinitely high 
glucose concentration, and Kt is the glucose concentra- 
tion at which the response magnitude is equal to half of 
the maximal response, or transport constant. 

By substituting Cs in Eq.5 from Eq.4, we obtain the 
expression for the time dependence of the nutrient-re- 
sponse development 

   maxА= А Со exp t Кt+Со exp( t )       (6) 

similarly, for the time dependence of the SCC-response 
wash out, we have  

   maxА=А Со exp t Кt+Со exp( t )          (7) 

expression (6) at t   is transformed  

maxА=А Со (Кt+Со)              (8) 

after deriving expression (6) at the initial point of time 
and dividing it by expression (8), we obtain the formula for 
the relative initial rate of the SCC response deve- lop-
ment 

  = (Кt+Со)  ( Кt)            (9) 

similarly, for the relative initial rate of the SCC-response 
wash out, we have 

 (Кt Кt Со     )         (10) 

from expressions (8-10), we can get the final Eqs.11-13. 
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are different. Therefore, the specific electric resistances 
of the intestinal wall in young and old animals are sig- 
nificantly different, 26.0 ± 0.8 and 12.2 ± 2.7 Ohm*cm (p 
< 0.001), respectively, whereas the initial potential dif- 
ferences on the intestinal wall for young and old rats are 
only slightly different, 1.77 ± 0.36 and 1.54 ± 0.4 mV, re- 
spectively. The basal SCC for young and old rats is equal 
to 24.0 ± 2.95 and 23.6 ± 3.1 μA/cm2, respectively. 

Kt=Cо ( ) 1  

 ;           (11) 

maxА =A(Cо+Kt) Cо ;            (12) 

4= 2 D    ,              (13) 

where Со is the concentration of added nutrient, Кt is the 
transport constant for nutrients, Аmax is the maximal 
response amplitude of SCC, δ is the unstirred layer thick- 
ness, and D is the diffusion coefficient for a given nutri- 
ent. 

The results obtained for the measurements of A, α, and 
β are presented in Table 1. For old animals, the ampli- 
tude of the SCC response to nutrients tends to be larger 
than that for young animals, and for L-leucine, the diffe- 
rence is significant (p < 0.02). 

The diffusion coefficients for glucose and glycine were 
taken to be equal to 5 × 10−6cm2/s and 4 × 10−6cm2/s, re- 
spectively. 

The diffusion coefficients for neutral molecules were 
calculated according to the formula Den = Dglucose* 
√Wglucose/√Wn [16], and those for molecules existing 
in solution as ions were calculated according to the for- 
mula Dn = Dglycine* √Wglycine/√Wn, where Wn is the 
molecular weight and Dn is the diffusion coefficient for 
the nutrient being tested. The statistical significance of 
the data was assessed with the Student’s t-test. 

For old rats, the relative initial rate of the response de- 
velopment α is maximal for glucose, and for young ones, 
it is maximal for L-leucine. The relative initial rate of wash- 
out of the SCC response β to glucose is maximal both for 
young and old animals. The parameters α and β vary less 
(root-sum-square uncertainty/ arithmetic mean) from ex- 
periment to experiment than the values of the responses (A).  

According to data gathered in experiments on rats [8- 
10], the maximal rates of absorption (Amax) for L-alanine 
and L-leucine increase considerably with age (Table 2). 

3. RESULTS 

As this occurs, according to Penzes [8], Kt for alanine 
increases from 7.2 to 35.5 mM with aging. According 

It turns out that the initial electrophysiological par- 
ameters of intestine preparations for young and old rats  
 
Table 1. Characteristic of short-circuit current (SCC) (A, , β) responses to nutrient addition to mucosa solution across the small in- 
testine wall of young and old rats. 

Nutrient, 
Concentration, 

mM 
SCC response amplitude А/сm2

Relative 
initial rate 

of SCC development, 
α·102 in 1/s 

Relative 
initial rate 

of SCC washout, 
β·102 in 1/s 

Old animals 

D-glucose, 10 mM 45.2 ± 12.1 (5) 3.17 ± 0.63 (5) 0.96 ± 0.09 (5) 

Maltose, 5 mM 44.7 ± 14.2 (5) 2.60 ± 0.47 (5) 0.73 ± 0.14 (5) 

L-Alanine, 10 mM 38.7 ± 9.5 (5) 1.42 ± 0.19 (5) 0.55 ± 0.09 (5) 

L-Leucine, 10 mM* 22.0 ± 2.66 (5) 1.97 ± 0.30 (5) 0.51 ± 0.09 (5) 

Gly-L-Ala, 2 mM 25.6 ± 8.4 (5) 1.16 ± 0.23 (5) 0.59 ± 0.14 (5) 

Young animals 

D-glucose, 10 mM 20.0 ± 3.8 (13) 2.13 ± 0.17 (13) 0.83 ± 0.11 (13) 

Maltose, 5 mM 22.7± 4. 0 (13) 2.09 ± 0.19 (13) 0.80 ± 0.12 (13) 

Sucrose, 10 mM 17.1 ± 3.1 (13) 1.34 ± 0.16 (13) 0.82 ± 0.11 (13) 

L-Alanine, 10 mM 18.5 ± 3.6 (13) 1.72 ± 0.22 (13) 0.63 ± 0.07 (13) 

L-Leucine, 10 mM* 12.6 ± 1.98 (13) 2.47 ± 0.27 (13) 0.59 ± 0.06 (13) 

Gly-L-Ala, 2 mM 14.7 ± 2.35 (13) 1.45 ± 0.15 (13) 0.75 ± 0.09 (13) 

Here and in Tables 2-4, the number of experiments is indicated in parentheses.  
*Data differ significantly.  
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to our data for young and old rats, these parameters are 
equal to 16.8 and 17.5 mM, respectively (i.e., they do not 
vary). The maximal and minimal values of Kt for leucine 
in [9] are equal to 18.2 and 2.6 mM, respectively. Ac- 
cording to our data, the magnitudes of Kt for leucine are 
also in the same range—10.4 and 11.6 mM. However, al- 
though Kt for the indicated amino acids in Penzes study 
[9] increases considerably with age, Kt for alanine and 
leucine remains constant in our study (Table 3). 

The maximal values of the response (Аmax) to glu- 
cose, similarly to that to amino acids, are considerably 
higher for old rats than those for young rats (Table 2). 
This is in agreement with data presented in [17]. In this 
study, sucrase and isomaltase activities significantly in- 
creased during aging in the duodenum and jejunum, and 
lactase and amino peptidase activities increased signifi- 
cantly in senescent animals. But Kt for glucose varies 
only slightly with aging (Table 3). 

Unlike for monomers, upon absorption of dimmers 
(maltose and glycyl-Lα-alanine), a significant increase in 
Аmax with aging is not observed. The affinity of en- 

zyme-transport ensemble for glycyl-Lα-alanine tends to 
decline, and for maltose, it tends to increase. The greatest 
values of Аmax and Kt for sucrose (for young rats) are 
91.3 μA/cm2 and 41.8 mM, respectively. 

Data on the effect of aging on the thickness of the u- 
nstirred layer of a fluid near the intestine surface are also 
contradictory. In our experiments (Table 4), according to 
[4], the layer thickness determined by glucose decreases 
with age. 

On the contrary, the layer thickness determined with 
amino acids and dipeptide tends to increase with age, 
which is in agreement with results presented in [18]. In 
another study [9], the layer thickness decreases from 318 
to 268 μm with age. Our values (Table 4) are in good agree- 
ment with those given above. 

4. DISCUSSION 

The electric resistance of the intestinal wall decreases 
more than twice with age. The major contribution to the 
electric resistance of the intestinal wall comes from the 
resistance of the epithelial sheet [6,19]. Because the re- 

 
Table 2. Calculated maximal values of short-circuit current responses (Аmax) to nutrient addition to mucosa solution across the the 
small intestine wall of young and old rats. 

Amax, А/cm2  
Rat age 

D-Glucose, 
10 mM 

Maltose, 
5 mM 

Sucrose, 
10 mM 

L-Alanine, 
10 mM 

L-Leucine, 
10 mM 

Gly-L-Ala 
2 mM 

Old 101.0  15.5 
(5) 

99.0  28.0 
(5) 

 103.0  24.0 
(5) 

45.5  7.5 
(5) 

82.0  15.5 
(5) 

Young 51.1  9.7 
(13) 

62.4  14.3  
(13) 

91.3  19.9  
(13) 

48.4  8.9 
(13) 

24.6  3.6 
(13) 

60.8  10.1 
(13) 

  p < 0.02  p < 0.05 p < 0.05  

 
Table 3. Transport constants (Kt) for nutrients in old (22 months) and young (4.5 months) rats. 

Kt, mM D-Glucose 10 mM
Maltose 
5 mM 

Sucrose 
10 mM 

L-Alanine 
10 mM 

L-Leucine 
10 mM 

Gly-L-Ala 
2 mM 

Old rats 14.9  2.8 (5) 12.7  2.3 (5)  17.5  2.5 (5) 10.4  0.9 (5) 13.7  3.5 (5) 

Young rats 17.6  2.9 (13) 16.6  6.2 (13) 41.8 ± 5.9 (13) 16.8  1.8 
(13) 

11.6  1.8 
(13) 

6.2  1.0 
(13) 

 
Table 4. Unstirred liquid layer thickness (δ) in the vicinity of the intestine mucosa surface of young and old rats, calculated from the 
short-circuit current responses to nutrient addition. 

δ, m 
Rat age 

D-Glucose, 10 mM
Maltose, 

5 mM 
Sucrose, 
10 mM 

L-Alanine, 10 mM L-Leucine, 10 mM Gly-L-Ala, 
2 mM 

Old 273  13 
(5) 

260  22 
(5) 

 310  21 
(5) 

265  18 
(5) 

293  28 
(5) 

Young 324  15 
(13) 

263  20 (13) 315  21 (13) 
287  15 

(13) 
240  12 

(13) 
258  17 

(13) 

 p < 0.02      
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sistance of epithelial tissues is determined mainly by the 
resistance of its tight junctions and the height of the villi 
does not vary with age [4,10], we reach the conclusion 
that, during the process aging, the tight junctions be- 
tween enterocytes become more permeable [2,20]. 

The thickness of the unstirred layer is commensurate 
with the height of the villi [6]. Data measured for rats 
have been published showing that this parameter in- 
creases with age [5,7,10], decreases [4,10], or remains 
constant [10]. As it follows from our study, L determined 
by glucose significantly decreases, L determined by mal- 
tose tends to decrease, and L determined by amino acids 
and dipeptide tends to increase with age. 

Previously [11,15], it was shown that the transporter 
distribution along the villi is non-uniform and may differ 
as a function of the solute concentration and may differ 
intrinsically for different nutrients; such arrangement of 
transporters along the villi is the first demonstration of 
the new hitherto unknown principle of space-time orga- 
nization of intestinal absorption and membrane dige- 
stion. Because the height of the villi in a rat intestine 
does not change with age [5] or decreases [17,21], the 
unstirred-layer thickness measurement maybe used to 
study the topography of nutrient transporters. On this 
basis, the space-time organization of intestinal absorption 
and membrane digestion with aging is changed.  

The ability of the intestine to absorb nutrient mono- 
mers (glucose, amino acids) with aging increases by ap- 
proximately 100%. Like in [22], these findings suggest 
that impaired carbohydrate absorption due to aging is re- 
lated to factors other than diminished mucosal glucose 
uptake. The ability to utilize dimers (maltose, dipeptide) 
from the intestinal lumen tends to increase by 30% - 50% 
(Table 3), and these facts are in agreement with data show- 
ing that activities of sucrase, isomaltase, and aminope- 
ptidase increase significantly during aging in the jejunum 
[17]. The results, when combined with those of previous 
studies, suggest that, in old animals, the increased level 
of intestinal hydrolase activities may be the consequence 
of prolonged cellular maturation along the villi in the 
proximal intestine and of adaptation to increased concen- 
trations of intraluminal substrates in the distal intestine 
[17]. 

This points to the fact that, in the enterocytes me- 
mbrane of old animals, the number of transporters for 
each of the analyzed nutrients sharply increases. As this 
occurs, the affinity of transporters for glucose, maltose, 
alanine, and leucine practically does not change with age 
(Table 3).  

Although for old rats the coefficient of correlation rcorr 
between the transport constant Kt and the maximal 
response Аmax for all five nutrients is equal to 0.796, for 
young animals, there is no such correlation (rcorr = 0.022). 
Hence, the fewer transporters for a given nutrient there 

are in the enterocyte membrane of an old animal, the 
larger their affinity to this nutrient. Perhaps, that obser- 
vation reflects the animal's adaptation to aging. 

Thus, in a rat small intestine, there are essential fun- 
ctional changes with aging. The ability to absorb nutrient 
monomers increases, and that to absorb dimers tends to 
increase because of a rise in the number of transporters. 
Data gathered in our experiments performed by using glu- 
cose are consistent with [22]. Because animals in both 
experimental groups obtained the same ration, this means 
that an old rat adapts for the raised concentration of mo- 
nomers in the intestinal lumen. It has long been known 
that monomers may be formed at cavital digestion. 

Hence, additional transporters in a brush-border mem- 
brane appear, apparently, in response to an increase in the 
level of cavital digestion, resulting in an increase in nu- 
trient monomer concentration in the intestinal lumen. 
Upon aging, the ratio between cavital and membrane di- 
gestion shifts in favor of the former, although, at the 
same time, the membrane digestion tends to increase (di- 
saccharide and dipeptide). 

5. CONCLUSION 

By the new express technique offered by us (the sin- 
gle-response method) we have studied the effect of age 
of rats (4.5 and 22 months) on kinetic parameters of Na+- 
coupled nutrient intestinal absorption and thickness of an 
unstirred layer for five nutrients: as monomers-glucose, 
alanine and leucine and dimers-maltose, sucrose, and the 
dipeptide glycyl-Lα-alanine. The ability to absorb nutri- 
ent monomers-Аmax (the maximal response amplitude 
of SCC) increases, and that to absorb nutrients dimers 
tends to increase because of a rise in the number of tran- 
sporters.  

In this case, the transport constant for nutrients Kt 
does not change. This fact indicates that the functional 
properties of the studied nutrient transporters in aging are 
not changed.  

The thickness of the unstirred layer δ determined by 
glucose significantly decreases, δ determined by maltose 
tends to decrease, and δ determined by amino acids and a 
dipeptide tends to increase with age. 
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