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Abstract. Nucleosides, essential substrates for a variety of intracellular metabolic 
reactions, are obtained from dietary and endogenous sources. Nucleotides (which 
dephosphoryiate to nucleosides prior to intestinal absorption) are present in milk and 
have trophic effects on the developing gastrointestinal tract. The mechanism of trans- 
port of nucleosides in the developing intestine of suckling rats is unknown. To ad- 
dress this issue, we therefore examined uridine uptake in rat everted intestlnal sacs. 

In suckling rats (1517 days old), tissue uptake of low (5-pM) and high (60 pM) 
concentrations of [3H]-uridine was linear for up to 2 min of incubation. Initial rate of 
uptake of [3H]-uridine was (i) not significantly different in the jejunum and the ileum; 
(ii) greater in the presence of Na+, than other cations; (iii) saturable as a function of 
concentration with a V,,, of 21,044 f 2,302 pmol/g tissue wet wt/30 sec and an 
apparent K,,, of 33.8 f 10.1 pM; (iv) inhibited by high concentration (500 pM) of 
unlabeled uridine and other nucleosides; (v) temperature-dependent; (vi) energy- 
dependent; and (vii) pH-sensitive. Developmental maturation was associated with a 
progressive decrease in the V,,, of the uridine transport process (21,044 f 2,302, 
14,651 f 1,679, and 8,461 2 1,369 pmol/g tissue wet W 3 0  sec for suckling, weanling, 
and adult rats, respectively) and a progressive increase in the apparent K,,, of the 
uptake system (33.8 f 10.1, 55.6 f 13.1, and 61.7 f 14.5 pM for suckling, weanling, 
and adult rats, respectively). 

We concluded that uptake of uridine by the developing intestine of suckling rats 
involves a carrier-mediated system, which is energy- and temperature-dependent, and 
requires extracellular sodium. Furthermore, the uptake process was found to undergo 
clear ontogenic changes with maturation. [P.S.E.B.M. 1994, Vol2061 

N ucleosides are important substrates involved 
in many essential metabolic reactions, includ- 
ing lipid, carbohydrate, and nucleic acid syn- 

thesis (1, 2). They have also been used therapeutically 
as antiviral (3, 4), antiparasitic (9, and antitumor 
agents (6, 7). Cells obtain nucleosides from endoge- 
nous breakdown of nucleotides or dietary sources. En- 

terocytes in the small intestine have a limited capacity 
for de novo synthesis of nucleotides, and, therefore, 
the enterocytes rely heavily on salvaging them from 
nucleosides provided in the diet (via the brush border 
membrane) and from endogenous sources (via the ba- 
solateral membrane). The mechanism of intestinal up- 
take of uridine and other nucleosides has been exam- 
ined in adult rats using isolated loops of jejunum (8- 
lo), tissue rings (1 l ) ,  brush border membrane vesicles 
(12-14), and other intestinal epithelial cells (15-18), 
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and uptake has been found to occur via concentrative 
1428 A-21, Long Beach, CA 90801-1428. or carrier-mediated, Na+ -dependent and Na+ - 

independent and equilibrative or facilitated diffusion 
processes. Similar nucleoside transport systems have 
also been demonstrated in other tissues including kid- 
ney (19, 20), brain (21-23), liver (24), placenta (25), 

available describing the mechanisms of uptake of nu- 
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cleosides in the developing intestine of suckling rats 
and the subsequent maturation of its uptake process. 
Such a study is physiologically important because the 
efficiency, mechanism, and site of maximal uptake of 
many nutrients are known to be different in the devel- 
oping intestine of suckling animals and undergo 
marked ontogenic changes (28-36). Also, nucleoside 
uptake has nutritional significance, since there are 
considerable amounts of nucleotides (which are hydro- 
lysed to nucleosides in the intestinal lumen) found in 
human and animal milk (2,37), and dietary nucleosides 
have been shown to have a trophic effect on the struc- 
ture and digestive activities of intestines of young rats 
(38). Dietary nucleosides have also been shown to be 
associated in human infants with changes in stool mi- 
crobial pattern (39), lipid metabolism (40, 41), and im- 
mune function (42, 43). Our aims in the present study 
were, therefore, to examine the mechanism of uptake 
of a dietary nucleoside in the developing intestine of 
suckling rats and determine whether ontogenic 
changes occur during maturation. We used uridine as a 
representative nucleoside, since it is significantly 
present in milk and its transport process has been well 
studied, and the everted sac as a technique. 

Materials and Methods 
Materials. The following chemicals were ob- 

tained commercially: [5 ,6-3H]-Uridine (sp act 45 Ci/ 
mmol, radiochemical purity 98%) from Moravek, 
Brea, CA; and [14C]-Dextran (sp act 50 Ci/mmol, ra- 
diochemical purity >98%) and other chemicals and re- 
agents from Sigma Chemical, St. Louis, MO. Scintil- 
lation fluid (LSC) was obtained from Fisher Scientific, 
Tustin, CA. 

Methods. Suckling (15-17 days old), male wean- 
ling (26-28 days), and male adult (80-90 days) 
Sprague-Dawley rats were purchased from Charles 
River, Wilmington, MA. All rats were fed Purina Rat 
Chow (Ralston Purina, St. Louis, MO) and tap water 
ad libitum, until 1 hr prior to surgery. Guidelines for 
the care and use of laboratory animals by Public 
Health Service (PHS) policy, and United States De- 
partment of Agriculture (USDA) Regulations were fol- 
lowed. Uptake studies were done using the everted sac 
technique of Wilson and Wiseman as described by us 
previously (36, 44). Rats were anesthetized with pen- 
tobarbital and sacrificed by cervical dislocation. The 
abdominal cavity was entered, the intestine was ex- 
posed, and the first 10-25 cm of small intestine were 
removed, starting 6, 9, and 14 cm from the pylorus of 
suckling, weanling, and adult rats, respectively. Ten 
centimeters of terminal ileum from the ileo-cecal junc- 
tion were also removed and washed. Everted sacs 
(2.5-3 cm in length) were prepared and the serosal 
compartment was filled with Krebs-Ringer phosphate 
physiologic solution (20 mM NaH,PO,, 123 mM NaCl, 

4.93 mM KCl, 1.23 mM MgSO,, 0.85 mM CaCl,, 5 mM 
glucose, and 5 mM glutamine; pH 6.5). The sacs were 
preincubated in a 37°C warm buffer for 5 min, and then 
transferred to an incubation solution (5 ml of Krebs- 
Ringer phosphate buffer) containing labeled and unla- 
beled uridine and [ 14C]-dextran. This incubation pro- 
ceeded for a defined period of time in a shaking water 
bath (80 oscillations/min) at 37°C. At the end of incu- 
bation, the sacs were removed, rinsed with ice-cold 
distilled water, drained, and the serosal fluid was col- 
lected. The tissue was weighed, digested with 0.25-0.5 
ml of 2 N NaOH at 70"C, and counted for [3H] and 
[ 14C] radioactivity. Uptake of uridine was corrected 
for nonspecific binding (and for adherent incubation 
fluid remaining on the sac wall) and calculated as de- 
scribed by us previously (45). 

In all experiments, serosal appearance of r3H]- 
uridine represented less than 4% of the total radioac- 
tivity taken up by the everted sacs and always paral- 
leled tissue uptake. Viability of the in vitro everted 
sacs has been previously determined in our laboratory 
(36, 44). 

Metabolic studies were performed using the same 
procedures but included the following additional pro- 
cedures. After washing and draining the sacs, the tis- 
sue was boiled in distilled water, cut into small pieces, 
homogenized in a Potter Homogenizer, and centri- 
fuged, the pellet and supernatant were collected. The 
metabolic form of the [3H]-radioactivity taken up by 
the tissue following incubation with [3H]-uridine was 
examined using a precoated silica gel chromatographic 
plate and a solvent system of n-butanol and water 
(13: I). 

Statistical Analysis. All uptake data are ex- 
pressed as mean * SEM, in terms of pmol/g tissue wet 
wt/unit time, and were the result of 3 to 14 everted sacs 
from different rats. Statistical analysis utilized the Stu- 
dent's t test and regression analysis. Kinetic parame- 
ters of uptake (the apparent K ,  and Vmax) were calcu- 
lated using a computerized program of the Michaelis- 
Menten equation described by Wilkinson (46). 

Results 
Uptake of Uridine with Time. Tissue uptake of 5 

and 60 K M  uridine was measured in three to four je- 
junal everted sacs of different suckling rats as a func- 
tion of time. Uptake was found to be linear for up to 2 
min (Fig. l), occurring at a rate of 1,156 and 10,570 
pmol/g tissue wet wt/min at 5 and 60 p M ,  respectively. 
Therefore, a 30-sec incubation was used as a standard 
in all ensuing studies. Similar findings were obtained 
for uridine uptake in adult rat intestine (Fig. 1). 

Uptake in Jejunum Versus Ileum. The uptake 
capacity of uridine (5 pM) in the jejunum and the ileum 
of suckling rats was compared in this study, using 14 
sacs from different rats. Uptake was found to be 
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Figure 1. Tissue uptake of [3H]-uridine in suckling and adult rats 
as a function of time. Uridine (5 and 60 pM in suckling rats, 5 and 
50 pM in adult rats) was added to incubation medium of jejunal 
everted sacs at the onset experiments. Incubation was done at 
37°C under continuous oxygen. Each point represents mean L 
SEM of at least three separate experiments from different rats. Y 
= mx + b, where m = slope and b = y-intercept; r = correla- 
tion coefficient. In suckling rat, at 5 pM uridine conc., r = 0.97, 
m = 1,156, and b = 1,489; at 60 pM uridine conc., r = 0.99, rn 
= 10,570, b = 11,052. In adult rat, at 5 pM uridine conc., r = 
0.98, m = 490, b = 314; at 50 pM uridine conc., r = 0.99, m = 
6,578, b = 2,018. 

slightly greater in the jejunum, but the difference was 
not statistically significant (Table I). Similar findings 
were obtained in weanling and adult rat intestines (Ta- 
ble I). 

Effect of Metabolic Inhibitors and Temperature. 
Significant inhibition was found in uridine uptake by 
the metabolic inhibitors, 2,4-dinitrophenol and sodium 

Table 1. Uptake of [3H]-Uridine by Jejunal and 
Ileal Everted Sacs of Rats of Different Ages 

~ ~~~~~ ~~ 

Uptake (pmol/g tissue wet wt/30 sec) 

Site Suckling rats Weanling rats Adult rats 

Jejunum 1,768 k 270 (14)* 449 k 46 (3) 199 -+ 30 (9) 
Ileum 1,671 k 174 (14) 363 k 69 (3) 197 k 20 (10) 

~ 

Note. Intestinal everted sacs were incubated for 30 sec in 5 ml of 
Krebs-Ringer phosphate buffer containing 5 pM uridine at 37°C. 

Parentheses indicate the number of experiments (everted 
sacs) from different rats. 

azide, using four everted sacs from four different rats 
when compared with uptake by control everted sacs 
prepared from the same respective rats (Table 11). 

Significant inhibition was found by lowering the 
temperature to 27°C from the physiologic temperature 
of 37°C (uptake of 1,094 f 54 and 1,934 5 100 pmoVg 
tissue wet wt/30 sec, respectively, P < 0.05). Four 
everted sacs from different rats were used in this 
study. 

Effect of Na+. The effect of lowering the Na+ 
concentration in the incubation medium (from 145 mM 
to 20 mM) on the tissue uptake of 5 p M  [3H]-uridine 
was measured. The removed Na+ was replaced by 
equimolar concentration of K +  , choline, and mannitol 
compensating for osmolarity . The results demon- 
strated that decreasing the Na+ concentration led to a 
significant decrease in uridine uptake (Table 111). Six 
to ten everted sacs from different rats were used in this 
study. 

Uptake of Uridine as a Function of Concentra- 
tion. The initial rate of uridine uptake by three to four 
jejunal everted sacs from different suckling rats was 
studied as a function of increasing the substrate con- 
centration (1-120 p M )  in the incubation medium. At 
lower concentrations uridine uptake increased lin- 
early, but at higher concentrations, it reached satura- 
tion (Fig. 2). Kinetic parameters of the uptake process 
were calculated, the apparent K ,  and Vmax were found 
to be 33.8 k 10.1 p M  and 21,044 f 2,302 pmol/g tissue 
wet wt/30 sec, respectively. 

Changes in uridine uptake kinetic parameters with 
maturation were examined. The apparent K ,  and Vmax 
of uridine uptake in weanling and adult rats were com- 
pared with the results with those described above for 
suckling rats. The results showed a statistically insig- 
nificant but progressive increase in the apparent K ,  of 
uridine uptake with maturation (33.8 5 10.1, 55.6 f 
13.1 [P < 0.251, and 61.7 5 14.5 [P < 0.11 p M  for 
suckling, weanling, and adult rats, respectively), while 
the Vmax showed a significant progressive decrease 
(21,044 k 2,302, 14,951 * 1,679 [P < 0.051, and 8,461 
k 1,369 [P < 0.051 pmol/g tissue wet wt/30 sec for 
suckling, weanling, and adult rats, respectively). 

Table II. Effect of Metabolic Inhibitors on Uptake 
of [3H]Uridine in Everted Sacs of Suckling Rats 

Uptake (pmol/g tissue wet wt/30 sec) 

Control 1,872 5 318 (4)* 
2,4-Dinitrophenol (1 mM) 894 5 124 (4) P < 0.025** 
Azide (10 mM) 1,102 rfr 126 (4) P < 0.05 

Note. Everted sacs were incubated for 30 sec in Krebs-Ringer 
phosphate buffer containing 5 pM uridine and 1 mM 2,4- 
dinitrophenol or 10 mM azide. 
* Parentheses indicate the number of experiments (everted 
sacs) from different rats. 
** P values calculated using the Student’s t test. Comparison 
was made with simultaneously performed controls. 
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Table 111. Effect of Na+ on Uptake of [3H]-Uridine 
by Jejunal Everted Sacs of Suckling Rats 

Uptake (pmol/g tissue wet wt/30 sec) 

Control (143 mM Na+) 

123 mM Choline + 
246 mM Mannitol + 

1,704 * 135 (10)' 
123 mM Kf  + 20 mM Na+ 861 * 59 (6) P < 0.01'' 

20 mM Na+ 1,224 i 131 (9) P < 0.025 

20 mM Na+ 1,175 * 125 (61 P < 0.01 

Note. Incubation conditions as in Table I, except that NaCl was 
replaced isoosmotically with either KCI, choline chloride, or 
Mannitol in Krebs-Ringer buffer. 

Parentheses indicate the number of experiments (everted 
sacs) from different rats. 
*' P values calculated using the Student's t test. Comparison 
was made with simultaneously performed controls. 

0 40 80 120 

Conc (pM) 

Figure 2. Initial rate of tissue uptake of uridine in suckling rats 
as a function of concentration. Uridine (1-120 p M )  was added to 
the incubation medium of jejunal everted sacs at the beginning 
of the experiments. Incubation was performed for 30 sec at 37°C 
under continuous oxygen. V,,, and K,,, for the carrier-mediated 
system were calculated as described in the text. 

Effect of Unlabeled Uridine and Other Nucleo- 
sides on the Uptake of [3H]-Uridine. Significant in- 
hibition was shown in the uptake of [3H]-uridine by 
high concentration of uridine, adenosine, and guano- 
sine (Table IV). High concentration of thymidine and 
cytidine did not cause significant inhibition (Table IV). 
Three to four jejunal everted sacs from different suck- 
ling rats were used in this study. 

Effect of pH. Uridine uptake was significantly 
lower at pH 5.0 than uptake at physiologic pH 6.5, and 
uptake at pH 8.0 was similar to uptake at pH 6.5. 
Tissue uptake of uridine was 1,924 & 195, 1,998 * 148, 
and 1,536 * 168 pmoVg tissue wet wt/30 sec, at pH of 
8.0, 6.5, and 5.0, respectively. Three to four jejunal 
everted sacs from different suckling rats were used in 
this study. 

Metabolic Form of the Uridine Taken up by the 
Intestine. The metabolic form of the radioactivity 
taken up by the jejunal everted sacs was determined at 
0.5 and 2 min following incubation with 5 p M  [3H]- 
uridine at 37°C. At both times, 97% of the radioactivity 

Table IV. Effect of Unlabeled Uridine and other 
Nucleosides on Uptake of [3H]-Uridine by Jejunal 

Everted Sacs of Suckling Rats 

Uptake (pmol/g tissue wet wt/30 sec) 

Control 1,872 2 31 8 (4)* 
Uridine 635 2 63 (4) P < 0.01** 
Adenosine 477 2 34 (4) P < 0.01 
Guanosine 551 2 104 (4) P < 0.01 
Thymidine 1,409 2 112 (3) NS 
Cyt i d i ne 1,533 2 142 (4) NS 

Everted sacs were incubated for 30 sec in Krebs-Ringer phos- 
phate buffer containing 5 pM uridine and 500 p,M unlabeled 
uridine, adenosine, guanosine, thymidine, or cytidine. 
' Parentheses indicate the number of experiments (everted 
sacs) from different rats. 
'* P values calculated using the Student's t test. Comparison 
was made with simultaneously performed controls. 

taken up by tissue was found to be in the form of intact 
uridine. 

Discussion 
Nucleotides are present in both human and animal 

milk, and, following their hydrolysis in the intestinal 
lumen, are absorbed as nucleosides. Dietary nucleo- 
sides have been shown to be associated with trophic 
effects on the gastrointestinal tract and with favorable 
changes in the gastrointestinal tract flora, lipid metab- 
olism, and the immune system. The mechanism for 
uptake of dietary nucleosides in the developing intes- 
tine and its maturational changes are not known and 
were the subject of this investigation, using uridine as 
the substrate to address these issues. 

Tissue uptake of low and high concentrations of 
uridine was found to be linear. Similar results were 
found in adult rats. Uptake of uridine in the jejunum 
was not found to be statistically different from that in 
the ileum. Similar findings were obtained when uridine 
uptake was examined in weanling and adult rats. The 
uptake of uridine, however, was significantly greater 
in younger animals when compared with older animals 
(suckling > weanling > adult). 

Uridine uptake by the developing intestine of 
suckling rats was energy- and temperature-dependent 
in nature, as shown by the significant inhibition in uri- 
dine uptake caused by metabolic inhibitors and by 
lowering the incubation temperature, respectively. 
Uptake was also found to be pH sensitive, with highest 
uptake at pH 6.5 and a considerable decrease at low- 
er pH. 

Uridine uptake by suckling (as well as adult) rat 
intestine was found to depend on the presence of Na+ 
in the incubation medium, since lowering the Na+ 
concentration led to a significant decrease in uridine 
uptake. These results suggest the existence of a 
Na + :uridine co-uptake system. Indeed, recent studies 
in our laboratory have confirmed this suggestion using 
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intestinal brush border membrane vesicles (unpub- 
lished observations). 

Uptake of uridine by the developing intestine was 
found to be carrier-mediated in nature, as indicated by 
saturation of uridine uptake as a function of concen- 
tration and the ability of high-concentration unlabeled 
uridine and other nucleosides to inhibit the uptake of 
low-concentration [3H]-uridine. Similar results have 
been demonstrated using cultured kidney cells (48). 

Clear maturational changes were found in the ki- 
netic parameters of the carrier-mediated uptake sys- 
tem. These findings are consistent with uptake studies 
in many other animals. The Vmax was found to de- 
crease gradually with maturation (suckling to weanling 
to adult), indicating a decrease in the number and/or 
activity of the uptake carriers. The apparent K ,  was 
found to increase gradually with maturation, indicating 
a decrease in the affinity of the uptake carrier. The 
cause of these changes is not known at present but 
could be due to factors such as hormonal changes, 
changes in the thickness and resistance of the un- 
stirred water layer, and/or physicochemical changes in 
the composition and fluidity of the enterocyte mem- 
brane (47). Similar maturational changes in intestinal 
uptake have been seen with folate, riboflavin, valine, 
and other nutrients (28-36). 

The observation that uridine uptake in everted 
sacs of suckling rats was significantly inhibited by high 
concentration of some nucleosides, adenosine and 
guanosine, but not by other nucleosides, cytidine and 
thymidine, suggests that an interrelated uptake system 
exists for some of the nucleosides, in addition to inde- 
pendent uptake systems for each nucleoside. Similar 
findings were observed for nucleoside uptake in liver 
(24) and kidney cells (48). 

In summary, our findings indicate that uridine up- 
take in the intestine of developing suckling rats is 
greater than that in weanling and adult rats, but is 
similar in nature, being carrier-mediated, energy- and 
temperature-dependent , and requiring extracellular 
Na+.  Ontogenic changes appear to involve a decrease 
in number and/or activity and affinity of the uptake 
system with maturation. 
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