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In humans (1) and rats (2, 3), several as- 
pects of gastrointestinal function appear to 
have characteristic developmental patterns. 
Little is known of the developmental changes 
in transport of water and electrolytes in the 
small intestine. Although the basic qualities 
of the transport mechanisms may not change 
during development, quantitative differences 
in transport of water and electrolytes may 
exist between infant and older animals. The 
present study was designed to determine if 
the in vivo transport of water, sodium, chlo- 
ride, bicarbonate and potassium were quan- 
titatively different in the jejunum and the 
ileum of 2-, 3- and 8-week-old rats. 

Methods and materials. Male albino rats 
were obtained from mothers purchased from 
Biolabs. The post-weaning and the mother 
rats were fed a regular laboratory diet. The 
rats were studied at 2 weeks (14-15 days), 3 
weeks (21-22 days) and 8 weeks (56 days) of 
age. The details of the methods used for the 
studies have been described before (4). After 
anesthesia with a mixture of urethane- 
phenobarbital, the abdominal cavity was 
opened and approximately 15 cm segments 
of the jejunum, distal to the ligament of 
Treitz, and of the ileum, proximal to the 
ileocecal junction, were rinsed with an iso- 
tonic sodium chloride solution and cannu- 
lated. The intestine was ligated proximal and 
distal to the cannulated segments and placed 
back into the abdominal cavity. The temper- 
ature of the peritoneum was maintained at 
36"-37" during the study period. The can- 
nulated segments were perfused with solu- 
tions containing per liter: 120 mmoles of so- 
dium chloride, 5 mmoles of potassium chlo- 
ride, 25 mmoles of sodium bicarbonate, 100 
pmoles of phenol red, and 25 mmoles of 
mannitol (-G solution), or an identical so- 
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lution in which 15 mmoles of D-glucose was 
substituted for 15 mmoles of mannitol (+G 
solution). The osmolality of the solutions 
were 295-299 mOsm/kg. Segments of five to 
seven rats were perfused for each solution at 
each age period. The solutions were perfused 
at a constant rate of 0.3 1 ml/min for a period 
of 2 hr. The first hour of the perfusion was 
utilized to achieve steady state conditions. 
During the next 60 minutes the perfusates 
were collected over three consecutive 20-min 
periods. At the end of the perfusion period, 
the perfused segments were stripped from the 
mesentry and their length, wet and dry weight 
determined. In the perfusion solutions and 
perfusates, phenol red was determined as de- 
scribed by Schedl and Clifton (5 ) .  Sodium 
and potassium were determined using a 
Flame Photometer. Concentration of bicar- 
bonate was calculated from the pH and pCOn 
of the solutions using the Henderson-Hassel- 
balch formula; pH and pCOz were deter- 
mined using an acid base analyzer (Radiome- 
ter, Copenhagen). Chloride was measured 
using a chloridometer (Chloride Titrator, Ra- 
diometer, Copenhagen). 

Transport of water and the electrolytes 
were determined using the following formu- 
lae: 

Water transport, m1/20 min 

Electrolyte transport, pmoles/20 min 

where Vi is volume of fluid perfused through 
the segments as m1/20 min. PRi and Ci rep- 
resent concentration &moles/ml) of phenol 
red (PR) and of the electrolytes (C) in the 
perfusion fluid before perfusion, and PRf and 
Cf their respective concentrations after per- 
fusion. The calculated transport rates, during 
the three consecutive 20-min perfusion pe- 
riods, did not vary by more than 20% from 
each other, indicating that steady state con- 
ditions had been achieved. Corresponding 

= Vi (1 - PRJPRf) 

= Vi (Ci - Cf* PRJPRf) 
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rates of transport for the three periods were 
added to obtain the rate per hr. Positive 
values indicated net absorption from the lu- 
men, and negative values net secretion into 
the lumen. The unpaired Student’s “t” test 
was used for statistical comparison of the 
differences between mean values, and p val- 
ues of less than 0.05 were considered to in- 
dicate statistically significant differences be- 
tween the mean values (6). 

Results. Mean values of the body weight 
and of the measurements of the perfused 
intestinal segments for the rats studied are 
shown in Table I. The weight/cm ratio of the 
jejunum and of the ileum increased with age. 
Histologic evaluation of the segments indi- 
cated that part of the greater weight/cm ratio 
was due to greater mucosal (absorbing) mass 
in the older rats. 

Rates of transport of water, sodium, chlo- 
ride, bicarbonate, potassium and glucose are 
shown in Table 11. Rates of transport are 
expressed on the basis of the dry weight of 
the segments to normalize for the differences 
in weight and water content of the jejunum 
and of the ileum between the 2-, 3- and 8- 
week-old rats. Rates of transport based on 
the wet weight of the segments had the same 
relationships as those based on the dry weight 
of the segments. 

Transport of water. During perfusion of the 
glucose free solution, minimal amount of wa- 
ter was secreted into both segments of the 2- 
week-old rats, while water was absorbed in 
both segments of the 3- and of the %week- 
old rats. Glucose significantly enhanced net 
water absorption in both segments at all three 
age periods. The magnitude of the increase 
was greater in the 2- than in the 8-week-old 
rats, and greater in the jejunal than in the 

ileal segment. 
Transport of sodium. During perfusion of 

the glucose free solution in the 2- and 3-week- 
old rats, net absorption of sodium was two 
fold greater in the jejunal than in the corre- 
sponding ileal segments, however, the differ- 
ences did not achieve statistical significance 
(0.1 > p > 0.05). Glucose significantly en- 
hanced net absorption of sodium in both 
segments of the 2- and the 3-week-old, but 
only in jejunal segment of the 8-week-old rats 
( p  < 0.05). 

Transport of chloride. During perfusion of 
the glucose free solution in the jejunal seg- 
ment, net absorption of chloride was similar 
at 2- and 3-weeks of age, and significantly 
lower at 8- than at 2- and 3-weeks of age 
(Table 11). In the ileal segment, net absorp- 
tion rates were similar at all three age periods. 
Glucose had no effect on absorption of chlo- 
ride, except in the jejunal segment of the 8- 
week-old rats where absorption rate was en- 
hanced ( p  < 0.01). 

Transport of bicarbonate. During perfusion 
of the glucose free solution in the jejunal 
segment, absorption of bicarbonate was 
greater at 2- weeks than at &weeks of age. In 
the ileal segment, transport of bicarbonate 
was minimal and varied between net secre- 
tion and net absorption (Table 11). Glucose 
had no effect on net transport of bicarbonate 
in either the jejunal or the ileal segments. 

Transport of potassium. During perfusion 
of the glucose free solution, potassium was 
secreted into both segments of the rats at all 
three age periods; however, secretion rates 
were significantly greater at 2- than at 8- 
weeks of age ( p  < 0.05). Glucose changed net 
secretion of potassium to net absorption in 
the segments of the 8-week-old rats (Table 

TABLE 1. AGE, BODY WEIGHT A N D  MEASUREMENTS OF THE PERFUSED SEGMENTS OF THE RATS STUDIED”. 
Values and means SE 

Age, Weeks 2 3 8 
Body weight, g 27 f 1 37 k I 205 f 6 
Segment perfused Jejunum Ileum Jejunum Ileum Jejunum Ileum 

Length, cm 13.9 f 0.9 14.9 f 1.0 15.7 f 0.8 16.6 f 1.3 17.5 f 1.0 13.3 f 1.0 
Wet weight, 

mg 207 f 16 231 f 20 316 f 25 341 f 22 1334 f 123 992 f 83 
mg/cm 14.9 f 0.5 13.8 f 1.3 20.8 f 1.3 21.0 f 1.3 75.6 f 3.3 76.4 f 6.9 

mg/100 mg wet weight 79.7 f 0.5 81.5 f 0.5 79.9 f 0.3 81.1 f 0.4 80.4 f 0.3 79.9 f 0.4 
H 2 0  Content 

Two studies were conducted. Each study involved perfusion of the segments of 5-7 rats, at each age period. 
Since body weight and measurements of the perfused segments were similar, the combined mean values of the two 
groups are presented. 
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TABLE 11. NET TRANSPORT OF WATER AND ELECTROLYTES I N  THE PERFUSED SEGMENTS OF THE RATS STUDIED. 
Age. Weeks 
Segment perfused 
Net water transport 

ml/hr per g dry wt 
-G' 
+G' 

Net sodium transport 
mmoles/hr per g dry wt 

-G 
+G 

Net chloride transport 
mmoles/hr per g drq wt 

-G 
+G 

Net bicarbonate transport 
mmoles/hr per g dry wt 

-G 
+G 

Net potassium transport 
pmoles/hr per g dry wt 

-G 
+G 

Glucose transport 
mmoles/m per dry wt 

Jejunum 

-2.1 2 2.3 
12.7 2 1.6'' 

0.50 f 0.38 
1.46 ? 0.20h 

1.71 f 0 . 8 1  
I .  I4 f 0.36 

1.21 * 0.42 
0.89 t 0. I 5  

-32.1 15.7 
-15.3 ? 7.1 

1.19 f 0.1 I 

2 
Ileum 

-2.2 f 1.3 
5.2 f 2.3" 

0.25 5 0.35 
I .20 ? O.2Sh 

1.66 -C 0.63 
1.35 t 0.35 

0.23 f 0 35' 
0.37 f 0.30 

-3 I .6 f 22.6 
-22.2 2 7. I 

0 70 ? 0.09' 

3 8 
Jejunum Ileum Jejunum Ileum 

2.0 f 0.6" 
3.8 f 0.5". ' 

1.4 f 0.6 4.3 2 1.6" 
9.7 f 1.8" 

3.2 f 1 . 4  
6 2 f 1.2" ' 6.6 2 0 6"' '' 

0.88 2 0 27 0.45 " 0.29 0.46 -t 0.  I I 0.58 * 0.16 
1.43 ? 0.29" 0.92 f 0.0Y" 1.14 20.12'' 0.96 f 0.22 

1.33 f 0.09' 1.76 f 0.83 I 5x f 0.47 0.19 *0.10" 
0.92 -+ 0.39 I .46 f 0.48 0.58f0.06" " 1 . 1 4 f 0 . 1 4  

0 70 f 0.32 0.21 & 0.15' 0.43 f 0.16" -0.39 20.16 '  
1.35 2 0 13 -0. I I f 0.09' -0 16 k 0 27' 0.73 f 0.09 

-39.1 f 11.8 -24.1 -t ?I I -6.7 f 5.0" -4.2 f 4. I "  
-44.1 f 9.3 -48.Y f 16.6 21.8 24.9" " I .7 2 4.7" I 

1 . 1 1  fO.10 0.74 f 0 I I '  0.40 f 0.01'' 0.21 f 0.01'' ' 
- 

The segments of this group of rats were perfused with a near ibotonic physiologic solutiun of NaCl. KCI. N a H C O ,  and mannitol (20 mmole/ I ). which 

t t  The segments of thi5 group of rats were perfused with solution identical to that in the -Ci group with the exception that I5 mmoles of glucose was 

" Mean value significantlq different than corresponding mean value in the 2-week-old rat>. p < 0 05 <0.01 
" Mean value in +G group significantly different than corresponding mean value in -Ci rats. p < 0.05 4) 01 
' Mean value of ileal segment significantly different than mean value of corresponding jejunal hegments. p < 0.05 <0.005 

did not contain glucose (-G). 

substituted for I S  mmoles of mannitol (+G) .  

11); however, only the values in the jejunal 
segment achieved statistical significance ( p  
< 0.01). 

Absorption of glucose. Rate of absorption 
of glucose was significantly greater in the 2- 
than in the 8-week-old rats ( p  < 0.01) and 
significantly greater in the jejunal than in the 
corresponding ileal segments at all three ages 
( p  < 0.05). 

Discussion. The above findings suggested 
that under the experimental conditions in the 
small intestine, the magnitude of transport of 
water and of the electrolytes changed with 
age in the rat. In general, the mucosa of the 
jejunum and ileum appeared to be more 
permeable to water and electrolytes in the 
young than in the older rats. Because net 
absorption and net secretion rates are the sum 
of the unidirectional fluxes, lumen-to-plasma 
and plasma-to-lumen, it is possible that an 
alteration in the magnitude of one or both of 
these fluxes were responsible for the observed 
developmental changes. The results of the 
present study are in agreement with those of 
our previous studies which showed that when 
the intestinal lumen was perfused with hy- 
pertonic solutions the permeability of the 
small intestinal mucosa to water decreased 

with increasing age (7). 
In the present study in the 2-week-old rats 

the net secretion of water into the intestinal 
lumen, when the perfusion fluid was free of 
glucose, appeared to be against an osmotic 
pressure gradient. In rats, serum osmolality 
at this age was 306 f 1 mOsm/kg (7) and 
luminal fluid osmolality was 295 mOsm/kg, 
thus the movement of water would be ex- 
pected to have been from lumen to blood. 
The reason for this apparent discrepancy re- 
mains unknown. As expected, presence of 
glucose in the intestinal lumen enhanced net 
absorption of water. The greater magnitude 
of enhancement of absorption of water in the 
segments of the younger rats was most likely 
due to the higher rates of absorption of glu- 
cose in the segments of the younger than of 
the older rats (Table 11). Glucose also en- 
hanced the rate of absorption of sodium from 
the intestinal lumen. Although the enhance- 
ment in the rate of absorption of sodium was 
of greater magnitude in segments of the 2- 
than of the 8-week-old rats, the differences 
did not achieve statistical significance. Trans- 
port rates of chloride and bicarbonate were 
greater and more variable in segments of the 
2- and the 3-week-old than in the correspond- 
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ing segments of the 8-week-old rats. The 
finding that both bicarbonate and chloride 
were absorbed in the ileal segment of the 2- 
week-old rats (Table 11) suggested that the 
postulated bicarbonate-chloride exchange 
mechanism in the ileal segment was less ac- 
tive in the 2- than in the.8-week-old rats. 

Under the experimental conditions ( 15 
mmoles/l of glucose in the perfusion solu- 
tion) in this and previous studies, the rate of 
absorption of glucose was significantly 
greater in the intestine of the 2-week-old than 
older rats (4). However, when using solutions 
containing concentrations of glucose over 55 
mmoles/l, the rates of absorption were sig- 
nificantly greater in the older animals (4). 

The basic physiologic phenomenon re- 
sponsible for the observed differences in 
transport in segments of the 2-, 3- and 8- 
week-old rats cannot be determined from 
results of the present study. Since the tight 
junctions and lateral intercellular spaces ap- 
pear to provide the major pathway for trans- 
epithelial water absorption, either coupled to 
net solute absorption or resulting from os- 
motic gradients (8-12), it is possible that the 
dimension or the hydraulic conductivity and/ 
or ion selectivity of the tight junctions and 
intercellular spaces altered in rats during the 
age periods studied. Such age-related varia- 
tions could have been the result of changes in 
the biochemical composition of the epithelial 
membranes in the rats during development 

Summary. Using an in vivo onepass per- 
fusion technique, transport of water (H20), 
sodium (Na), chloride (CI), bicarbonate 
(HC03) and potassium (K) was studied in 
segments of the jejunum and ileum in nor- 
mally growing 2-, 3- and 8-week-old rats. 
From solutions containing in mmole/l, NaCl 
120, KCl 5, NaHCO:3 25, Phenol Red 100 
pmoles, glucose 0 or 15 and mannitol 25 or 

(13). 

10, quantitative differences in the net trans- 
port rates @moles/hr per g dry weight of 
segment) were observed. In general permea- 
bility of the epithelium of the perfused seg- 
ments to HzO, C1, HC03 and K appeared to 
be greater in the 2 than in the 8-week-old 
rats. Glucose had the expected effect of en- 
hancing absorption rates of water and Na in 
the segments of the rats at all three age pe- 
riods. 
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