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Maturation of Jejunum and Ileum in Rats

WATERANDELECTROLYTETRANSPORTDURINGIN VIVO PERFUSION

OF HYPERTONICSOLUTIONS

M. K. YOUNOSZAI, R. S. SAPARIO, and M. LAUGHLIN, Gastroenterology Research
Laboratory, Department of Pediatrics, College of Medicine, University of Iowa,
Iowa City, Iowa 52242

A B S T RA C T During osmotic diarrhea, loss of water
and electrolytes appears to be greater in infants than
in adults. In 2-, 3-, and 7-wk-old rats, we studied net
transport of H20, Na, and Cl, during in vivo perfusion
of segments of the jejunum and ileum, from solutions
with osmolalities of 300, 375, 500, or 700 mosmol/kg.
In the jejunal segments, from the hypertonic solutions
net transport of H20, Na, and Cl was into the lumen
and greater in the 2- than 7-wk-old rats. In the ileal
segments, transport of water was into the lumen, trans-
port of Na was minimal and variable, whereas transport
of Cl was usually out of the lumen. In 3-wk-old rats,
transport rates were intermediate between those in
2- and 7-wk-old rats. The calculated filtration coeffi-
cient (microliters of H20 transported per hour per unit
osmolality gradient- lumen-serum -per gram dry
weight) of water suggested that the resistance to water
flow did not increase with rise in luminal hypertonicity
in the jejunum of the 2- and 3-wk-old rats, whereas
in jejunum of the 7-wk-old rats and in ileum of rats
in all three ages, the resistance to water flow increased
with the rise in luminal osmolality. The differences
in the transport rates and the resistance to water flow,
between segments of the 2-, 3-, and 7-wk-old rats,
suggested a maturational phenomenon that appears to
continue beyond the 3rd wk of life and could have
been due to differences in some physical property
of the mucosal membrane.

INTRODUCTION

Infant rats seem to accumulate excessive fluid in the
intestine in response to hypertonicity of the luminal
contents. Increasing the osmolality of diets fed to infant
rats has been associated with increased volume of
fluid in the intestinal lumen, hemoconcentration, and
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serum hyperosmolality (1). These changes were pre-
sumably due to increased transport of fluid aindl electro-
lytes into and/or decreased transport out of the lumen
of the small intestine. During episodes of osmotic
diarrhea, as occurs in lactose intolerance secondary
to intestinal mucosal injury, human infants appear
to be more prone than adults to develop dehydration.
This seems to point to a quantitative dlifference in
transport of fluid and electrolytes between the intestine
of infants and adults, predisposing the infant to rela-
tively larger losses of fluid from the gastrointestinal
tract.

Weconducted the present in vivo studies to evaluate
the response of the small intestine to luminal hyper-
tonicity in infant (2- and 3-wk-old) and adolescent
(7-wk-old) rats. In the 2- and 3-wk-old rats, we also
determined the absorption of phenol red used as non-
absorbable marker for water transport and of mannitol
used as the impermeant nonelectrolyte soluite.

METHODS
Transport of water and electrolytes was compared in segmiients
of the jejunum and ileum in 2- (14- to 15-day-old), 3- (21- to
22-day-old), and 7- (49-day-old) wk-old male albino rats. These
rats were obtained from pregnant rats purchased from Biolab
Corp. (St. Paul, Minn.). On the 2nd day after delivery, newborn
pups were randomized among mother rats and litter size
maintained at seven to nine pups until the time of study.
The experimental procedures used were similar to those
described previously (2, 3). At the time of study, rats were
anesthetized with a solution containing a mixture of ethylurea
(K & K Laboratories Inc., Plainview, N. Y.) and pentobarbital
sodium (6:1). 5- to 10-cm long segments of the jejunum (ust
distal to the ligament of Treitz) and ileum (just proximal to
the ileocecal junction) were rinsed with 10 ml of an isotonic
sodium chloride solution, flushed with 50 ml of air, and can-
nulated. The cannulated segments were inserted back into
the abdominal cavity and perfused in situ at a rate of 0.2
ml/min, with a solution containing, per liter: 145 mmol sodium
chloride, 20 mg phenol red, and mannitol (Fisher Scientific
Co., Pittsburgh, Pa. ) in quantities sufficient to achieve os-
molalities of 375, 500, and 700 mosmol/kg. In an initial study
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of' rats at the same age periods, 15- to 20-cm long segments
of' the jejunum and ileumi were perfuised with the above solu-
tion with enough mannitol to achieve oismolalities of'295-305
mosmol/kg. This solution wats slightly hypotonic compared
with rat serum osmolality of'305-309 mosmnol/kg under normal
conditions. For study of the effect of' each solution with dif-
f'erent osmolality, groups of' five to seven rats at each age
were used (four groups att each age period). During the perfu-
sion periodl, the rats' peritoneal temperature was monitored
and maintained at 36W-370C. The solution perfused through
the cannulated segientts over the first 60 min of perfusion
was discarded, whereas thatt over the next 60 mninwas collected
in three consecutive 20-mimi periods. The osmolality and
concentrations of sodiuim, chloridle, and phenol red were
determined in the initial perfusion solutions and in each of
the collecte(d solutions (perf'usates). After the perfusion period,
1lood was obtained f'romi the aorta of' rats perfused with the
hypertonic solutions. The perfused jejunisal and ileatl segments
were stripped from the miiesentery and their length meeasured.
The wet weight of the segmiients was determined after gently
pressing oUt the luminiial contenits with the forefingers. The
segments were then dried in at vacuumtl oven at 90-950C for
24 h and its dry weight determinedl.

Immediately after the perfusioni period, osinolality of
the serum and solutionis (except in the initial study) was deter-
mined by freezing point with an osmometer (Advanced
O.smometer, model 3W, Advanced Instruments, Inc., Need-
haim Heights, Mass.); sodiumi was mneatsured with a flame
photometer (nodel 143, Instrumilenitattioni Laboratory, Ine.,
Lexington, Mass.); chloride was meatsured with a chloridom-
eter (model CMT 10 Chloride Titrattor, Radiometer Co.,
Copenhagen, Denmiiark); anld phenol redI as described by
Schedl aind Clifton (4).

Net water transport wais determlinled f'roIml chanlge in con-
centration of' phenol red as fo-llows: Net water trainsport,
milliliter/2() min = Vj(1-PR1/PRf), where V depicts volume of
fluid perfused milliliter/2() mil, and PR the conieentration
of'phenol red in microgramniis/miiilliliter, in the perfusion fluids.
The subscripts i andf refer to initial and final values in the
perfusion solutions hefore perfusioni (i), and in the perfu-
sates collected (f).

Net solute transport was calculated f'rom chanige in volume
and osmolality of the solutions perfuse(l.

Net solute tranisport, micromoles/2() mill = Vj(Oj-OfPR,/
PRf), where 0 is osmolality in mnicroosmiioles per gram of'
perfusion fluid; the other syml)ols have the samlle meaninig
as above.

Net transport of' sodium and chloride were calculated siimi-
larly. Concenitration (C, micromiioles/mnilliliter) of sodium or
chloride replaced the osmolality of solutionis (0) in the above
formula: Net transport, micromoles/2() min = Vj(Cj-CfPRI/
PRf).

Net transport out of' the lument will be referred to as out-
flux or absorption and that into the lumnen as influx or secretion.

During the 60-min collection period, steady-state condi-
tions had l)een achieved hecause niet transport of' water, total
solute, sodium and chloride, during each of the three 20-min
collection periods, did not vary from each other hy more than
15%. The amounts of water and of' electrolyte transported
during these three periods were added to obtain amounit
transported in 1 h. To be able to compare transport rates of
water and electrolytes in the segments of the rats at the dif-
ferent age groups, the amnounts transported were normalized
for the marked differenices in size (weight) of' the perfused
segments (Table I).

Because absorption of' significanit amtlounits of' phenol red
and mannitol during perfusion of the segments would have
affected the calculated rates of water and electrolyte transport,

we determined the absorption of phenol red and mannitol
in six 2-wk-old and three 3-wk-old rats. Absorption of phenol
red and mannitol in the small intestine of the adult rat has
been studied previously (5). For these experiments, 10- to
15-cm segments of the jejunum and ileum were prepared as
described ahove. The perfused solutions contained, per liter:
50 ing phenol red, 145 mmol sodium chloride, 20 mmol manni-
tol, and 1 x 105 dpm/ml of [14C]mannitol (New England Nu-
clear, Boston, Mass., 5 mCi/mg). The rate of perfusion was
0.3 ml/min. The method used for determining phenol red
absorption and recovery rates was similar to that used in the
adult rats (5).

Statistical analysis. The unpaired t test was used to com-
pare mean values between corresponding segments of rats at
the three age periods, and the paired t test to compare mean
values between the segments in each group of rats. A value
of P < 0.05 was taken as indicating a statistically significant
difference between the corresponding mean values (6).

RESULTS

Table I shows body weight and the measurements of
the perfused intestinal segments for the rats studied.
In the groups of rats perfused with the hypertonic solu-
tions, because body weight and measurements of the
perfused intestinal segments were similar in rats of
the same age, corresponding values were combined
and the means presented in Table I. In the groups of
rats perfused with the slightly hypotonic solutions,
although length and weight of the segments were al-
most twice as great, wet weight/centimeter ratios were
similar to corresponding values of the rats perfused
with the hypertonic solutions. Intestinal segment
weight and weight/centimeter ratios were several times
greater in the 7-wk-old than in the younger rats. Water
content of both the jejunal and ileal segments decreased
significantly (P < 0.01) to about 77%when the osmolality
of the solutions perfused increased over 375 mosmol/kg,
except in the 2-wk-old rats, where the water content
of the jejunal segment was 75.7% even when the perfu-
sion solutions osmolality was 375 mosmol/kg. This
value was significantly lower than the corresponding
ileal value (79.6%), P < 0.01, and also significantly
lower as compared with water content (80-81%) of
the jejunal segment of the 3- and 7-wk-old rats perfused
with the solutions of the same osmolality (P < 0.01).
Although size of the segments perfused was markedly
different in the rats at different ages, total amount of
water transported into the lumen of the segments as
1/h (Table I), in response to perfusion of the hyper-
tonic solutions, was not very different in corresponding
segments of the 2-, 3-, and 7-wk-old rats.

Table I also shows the total amount of phenol red
and mannitol recovered as a percent of the total amount
perfused in the segments of the 2- and 3-wk-old rats.
In the 2-wk-old rats, 2%of phenol red and of mannitol
could not be recovered from the jejunal segments, and
about 4%of both markers could not be recovered from
the ileal segments. Recoveries of phenol red and man-
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TABLE I
Body Weight, Measurements* of the Perfused Intestinal Segments, Net Water Transport, and Recovery of Phenol Red

and Mannitol in the Rats Studied4

Age

2 wk 3 wk 7 wk
Body wt, g ................................. 29±1 50±3 208±6

Intestinal segment perfused jejunum Ileum Jejunum Ileum Jejunum Ileum

Length, cm 8.1+0.4 9.3+0.6 6.9+0.5 7.3+0.4 7.6+0.3 6.5+0.4
Wet wt, mg 103+8 127+10 177+12 148+11 554±22 431+28
Wet wt, mg/cm 12.8+0.8 13.6+0.7 25.5+0.8 20.3+0.7 71.6±+1.2 66.3±+1.4
Net water transport, pul/h§

Osmolality of perfusion solution,
mosmol/kg

295-305 58±79 88±57 -203±56 -228±+111 -340±130 -474±146
375 257±33 219±35 248±41 144±47 177+48 565±63
500 605±48 358±60 811±98 405±50 759±110 369±53
700 1,010±57 461±96 834±121 435±48 994±141 609±86

Water content, mg/100 mg§
Osmolality of perfusion solution,

mosmol/kg
295-305 79.7+0.5 81.5±0.4 79.9±0.3 81.1±0.4 80.5±0.3 83.1±0.3
375 75.7±0.91' 79.6±0.9f 80.4±0.5f 80.8± 1. lf 81.6±0.7 80.8+0.4$
500 75.6±0.6 77.1±+1.0 76.7±0.5 76.8±0.8 77.2±0.5 76.6±0.4
700 76.6±0.7 76.9±0.6 77.1±0.4 77.8±0.4 77.5±0.7 77.7±0.6

Recovery of phenol red as total
amount perfused, percent** 97.9±0.7 96.2±0.4 97.6±0.8 97.9±0.7 98.2±1.044 97.644

Recovery of mannitol as total
amount perfused, percent** 97.9±0.4 96.1±0.6 98.9±0.8 98.2±0.6 97.344

Values are mean±SE.
* Segment measurements and water content of full-thickness wall were obtained at the end of the 2-h perfusion period.
4 At each age period four separate groups of five to seven rats were studied.
§ Net transport of water into the lumen (secretion) is indicated as positive and net transport out of the lumen (absorption),
as negative numbers.
"Mean value in the 2-wk-old rats is significantly different from corresponding mean values in 3- and 7-wk-old rats, P < 0.01.
¶ Mean value in segments perfused with solution of 375 mosmol/kg is significantly different from corresponding mean
values in segments perfused with solutions of higher osmolality, P < 0.01.
** These studies were performed in six 2-wk-old rats and three 3-wk-old rats. Care was taken to collect as much of the
perfused solutions as possible. Volume of solutions perfused and recovered were determined from their weight. The
method of perfusion, collection of the perfusates, and rinses were similar to those used in adult rats (5).
tt The values for the adult rats were taken from published data (5, 18).

nitol in the 3-wk-old rats were very similar to those
in the 2-wk-old rats. The amount not recovered was
either absorbed and/or lost from the tubing during
the manipulations. Only traces of [14C]mannitol could
be detected in the mucosal scraping and in the blood
of the rats. For comparison, total recoveries of phenol
red and mannitol from intestinal segments of adult rats,
reported by Miller and Schedl (5), are also shown in
Table I.

Because of the differences in the weight/centimeter
ratios and the water content of the segments between
rats of different ages, net transport rates of water and
electrolytes were compared when expressed on the
basis of dry weight of the perfused segments and are
shown in Figs. 1 and 2. Net transport rates expressed

on the basis of wet weight of the perfused segments
had the same relationships as those expressed on the
basis of dry weight of the segments.

Net water transport. Perfusion with the slightly
hypotonic solution was associated with variable water
transport, at 2 wk there was influx, whereas at 3 and 7 wk
there was outflux. Perfusion with each of the three
hypertonic solutions induced influx of water into the
segments at all three age periods. In the jejunum (Fig.
la), rate of water influx increased with the rise in os-
molality of the perfusion solution. When osmolality
of perfusion solution was over 375 mosmol/kg, rate of
water influx was significantly greater in the 2- than
7-wk-old rats (P < 0.005). In the 3-wk-old rats, rate of
water influx was intermediate between the correspond-
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FIGURE 1 Net transport of water and total solute in segments of the jejunum and ileum of 2-,
3-, and 7-wk-old rats perfused with solutions containing sodium chloride (145 mmol/liter) and
mannitol. Influx depicts net transport into (secretion), and outflux, net transport out (absorp-
tion) of the lumen of the perfused segments. Transport rates are based on dry weight to normalize
for marked differences in size of the segments between rats at the different ages. The height
of the bar depicts the mean value and the vertical lines the SE. The single stars show mean
values in the 2- and 3-wk-old rats that were significantly different from corresponding mean
values in the 7-wk-old rats, P < 0.05-0.001. The double stars indicate mean values in segments
I)erfused with solution of 295-305, 500, or 700 mosmol/kg that were significantly different fromn
corresponding imieani values in segments perfused with the solution of 375 mosmol/kg, P < 0.05-
0.005.

ing values of the 2- and 7-wk-old rats. In the ileum influx of solute increased with the rise in osmiiolality
(Fig. lb), influx of water in response to perfusion of
the hypertonic solutions was not as marked as in the
corresponding jejunum. In the 2- and 3-wk-old rats,
iiflux increased significantly when perfusion solution
osnmolality increased from 375 to 700 mosm-nol/kg (P
< 0.001), whereas in the 7-wk-old rats there was no
significant change in water influx.

Net solute transport. In the jejunumi (Fig. lc),

of the perfusion solution, and rate of solute inlflux was

greater in 2- than 7-wk-old rats. In the ileuin (Fig. ld),
there was influx of solute in the 2-wk-old rats but out-
flux in the 7-wk-old rats. The transport rates for total
solute were significantly different in the jejuinal than
in the corresponding ileal segments at all three age
periods (P < 0.05).

Net sodium trainsport. In the jejuinumii (Fig. 2ai),
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FIGuRE 2 Net transport of sodium and chloride in the perfused jejunum and ileum of the rats
studied. Explanations of the perfusion solutions and symbols used are given in the legend of
Fig. 1.

perfusion of the slightly hypotonic solution caused out-
flux, whereas perfusion of each of the three hypertonic
solutions induced influx of sodium. Rate of sodium
influx was significantly higher in the 7- than in the
2-wk-old rats when perfusion solution osmolality was
375 mosmol/kg (P < 0.05). However, when the perfu-
sion solution osmolality was 500 and 700 mosmol/kg,
influx rates were severalfold greater in the 2- than in
the 7-wk-old rats (P < 0.05). Rates of influx of sodium
in jejunal segments of the 3-wk-old rats were inter-
mediate between the corresponding values of the 2-
and 7-wk-old rats. In contrast to the jejunum, in the
ileum (Fig. 2b) sodium transport varied between in-
flux and outflux. When perfusion solution osmolality

was 700 mosmol/kg, there was influx of sodium in the
2- and 3-wk-old rats, whereas in 7-wk-old rats there
was slight outflux. The mean rates of sodium transport
in the ileal segments of the rats at the three age periods
were not significantly different from each other.

Net chloride transport. In the jejunum (Fig. 2c),
perfusion of the slightly hypotonic solution caused
greater outflux of chloride in the 2- than the 7-wk-old
rats (P < 0.01). Perfusion of solutions with osmolality
> 375 mosmol/kg caused influx of chloride that was
significantly greater in 2- than in 7-wk-old rats (P < 0.01).
The corresponding values in the 3-wk-old rats were
intermediate between those in the 2- and the 7-wk-old
rats. In the ileum (Fig. 2d) of the 2-wk-old rats, per-
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fusion with the solutions of 295 and 375 mosmol/kg,
induced outflux of chloride; however, perfusion with
solutions of 500 and 700 mosmol/kg was associated with
influx of chloride. In the 3- and 7-wk-old rats, the ileum
transported chloride out of the lumen, regardless of
the osmolality of perfusion solution. Rate of chloride
outflux was not significantly different at the three levels
of osmolality in the 3- and 7-wk-old rats.

Serum osmolality (milliosmoleslkilogram). At the
end of the perfusion period, serum osmolality (shown
in Table II) in rats perfused with the hypertonic solu-
tions was significantly (P < 0.01) > 306+1 mosmol/kg
found in rats of similar ages in whomthe intestine was
not perfused (10 rats) or perfused with isotonic solu-
tions (15 rats) of 295-305 mosmol/kg. With the rise
in osmolality of the solutions perfusing the segments,
the osmotic gradient between lumen and serum in-
creased. This osmotic pressure gradient between
lumen and serum was probably the most important
factor causing net transport of water into the lumen
of the perfused jejunal and ileal segments.

In Fig. 3 rate of water transport is plotted against
the osmotic pressure gradient between lumen and
serum, at the end of the perfusion period. In the jeju-
num (Fig. 3a) in the 2-wk-old rats, rate of water influx
increased in proportion to the rise in osmotic gradient,
and the relation between rate of water influx andI os-
motic gradient was linear. In the 7-wk-old rats,
the relationship was blunted and nonlinear. In
the 3-wk-old rats, the relationship was intermediate
between those in the 2- and 7-wk-old rats. In the ileum
(Fig. 3b), the relationship between rate of water trans-
port and osmotic gradient from the hypertonic solu-
tions was blunted and nonlinear, and the increment
in water influx, in response to the rise in osmotic gra-
dient, was much lower than in the corresponding
jejunum (P < 0.01). In the 7-wk-old rats, there appeared
to be no increase in water influx with the rise in the
osmotic gradient of over about 40 mosmol/kg.

The permeability of the mucosal membranes to water
can be assessed by expressing transport of water on
the basis of unit osmotic pressure gradient between

TABLE II
Serum Osmolality and the Calculated Filtration Coefficient of Water in the Perfused Intestinal

Segments in the Groups of Rats Studied

Age

2 wk 3 wk 7 wk

Serum osmolality, mosmollkg*
Osmolality of perfusion solutions,

mosmol/kg
295-305t 305±+1 306± 1 306± 1
375 330±1 319±+1 323±1
500 339±1 332+2 344±2
700 340± 1 335+2 344±2

Filtration coefficient of water§
Intestinal segment Jejunum Ileum Jejunum Ileum Jejunum Ileum

Osmolality of perfuision solutions,
mosmollkg

295-30511 -
375 130±15 100±11 75±10 90±8 75±7 90+5
500 145±18 67±8 108+9 75+7 47±5 29±5
700 163±20 59±5 80±12 51±+6 32±4 25+4

Values are mean±SE.
* Serum osmolality was measured in blood obtained at the end of the 2-h perfusion period. Serum osmolality
in rats of similar age whose intestines were not perfused (10) was 306±1 mosmol/kg.
t The serum osmolalities indicated are those obtained in rats in other studies, whose jejunal and ileal segments
(15-20 cm) were perfused with solutions of sodium chloride, 145 mmol/liter, and mannitol with osmolalities
of 295-305 mosmol/kg.
§ Filtration coefficient of water is defined as net transport rate (microliter per hour per gram dry wt) per unit
osmolality gradient between lumen and serum. The values for luminal osmolality used in the calculations
were the final perfusion fluid osmolality. The filtration coefficient is an index of the permeability of the
mucosal membrane to water. Decreasing values show increasing resistance to water movement across the
mucosal membrane. Per unit osmolality gradient, resistance to water influx (normalized for differences in
intestinal segment size), increased with the rise in luminal hyperosmolality except for the jejunal segments
of the 2- and 3-wk old rats.
" The filtration coefficient for these segments could not be calculated because final perfusion fluid osmolality
was not obtained for these groups of rats.
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FIGURE 3 The relationship between net water transport and osmolality gradient between lumen
and serum in segments of the jejunum and ileum of (x x) 2-, (O 0) 3-, and (O Oi)
7-wk-old rats. The segments were perfused with solutions containing sodium chloride (145 mmol/
liter) and mannitol with osmolalities of 300, 375, 500, or 700 mosmol/kg. The symbols indicate
mean values, and vertical lines the SE. The stars depict the mean values in the 2- and 3-wk-old
rats that were significantly different from corresponding mean values in the 7-wk-old rats,
P <0.05-< 0.005. The osmolality gradients shown in the figure represent values obtained at
the end of the perfusion period. The same relationships between net water transport and os-
molality gradient were obtained when the osmolality gradient was calculated by the geometric
or logarithmic mean values. The geometric and arithmetic mean values for the serum were
estimated (assuming normal initial serum osmolality).

lumen and serum. This has been termed the "filtration
coefficient" of water (7). Because of the marked dif-
ference in size of the segments between rats at the
three age periods, transport of water should ideally
be corrected for surface area of the mucosa. Unfor-
tunately, surface area is difficult if not impossible to
measure. We have used dry weight of the segments
perfused to normalize for the differences in size and
surface area between segments of the rats at the three
age periods. The calculated values for the filtration
coefficient are shown in Table II. In the jejunal seg-
ments, from the slightly hypotonic solution, water
movement was against the osmotic gradient in the
2-wk-old rats; in the older rats the estimated filtration
coefficient was high and appeared to be greater in
the 3- than in the 7-wk-old rats. From the hypertonic
solutions, the filtration coefficient in the 2-wk-old rats
increased with the rise in the osmolality of the perfu-
sion solution. In the 3-wk-old rats, there was no consis-
tent change. In the 7-wk-old rats, the filtration coeffi-
cient dropped to one-half with the rise in perfusion
osmolality from 375 to 700 mosmol/kg. In the ileal
segments at all three age periods, the filtration coef-
ficient fell to over one-half with the rise in luminal
osmolality from 375 to 700 mosmol/kg.

DISCUSSION

Water transport across the intestinal epithelium is
affected by the osmolality of the luminal contents. As
expected, in the perfused intestinal segments net water

transport was in the direction of the osmotic gradient
between lumen and serum, except in the segments of
the suckling rats perfused with the slightly hypotonic
solution (Fig. 2), where water transport was against the
relatively small osmotic gradient. Body water content
(8) and extracellular volume appear to be greater in
suckling than in older rats. Because extracellular vol-
ume expansion induces distension of the intercellular
spaces in the intestinal epithelium and secretion of
water into the lumen (9), it may be assumed that the
expected relative state of extracellular volume expan-
sion in suckling rather than in older rats induced water
flow into the lumen of the segments of the suckling
rats. Inasmuch as in this and other published (2, 3)
and unpublished studies, water content of the full-
thickness intestinal wall, or of the mucosal scrapings
and underlying tissues of segments perfused with
slightly hypotonic solutions, was equal to or lower in
suckling (mucosal scrapings, 79%; underlying tissues,
76%) than in older (mucosal scrapings, 82%; under-
lying tissues, 78%) rats, it seemed unlikely that tissue
water content played an important role in transport
of water in the segments perfused with the slightly
hypotonic solution.

In "leaky" epithelia, such as that of the small intes-
tine, the proximal kidney tubule, and the gall bladder,
where the electric conductance across the intercellular
spaces forms around 80-96% of the total transepithe-
lial conductance (10-13), most of the passive ion trans-
port across the epithelium occurs through the inter-
cellular spaces (10, 14-19). Water flows into these
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spaces in response to a local osmotic gradient produced
by active or passive solute transport into these spaces
(10, 14-19). From the mucosal medium, flow of water
into the intercellular spaces can be directly through
the tight junctions (18) and/or through the cell mem-
branes, and is associated with dilatation of the spaces
(20-22). The cross-sectional area of these spaces in-
creases progressively with increasing rates of flow.
This increase in area does not influence hydraulic
permeability (23). On the other hand, when water flows
from the mucosa into the lumen in response to luminal
hypertonicity, the intercellular spaces decrease in size
and collapse (20-23). This diminution in size is as-
sociated with an increase in transepithelial electric
resistance (21, 23), a decrease in the permeability of
the tissue to hydrophilic molecules (21, 23), and a de-
crease in hydraulic conductivity for osmotic flow from
isotonic serosal to hypertonic mucosal media (21).
These findings are consistent with the concept that in
"leaky" epithelium with increasing luminal hyper-
tonicity, volume of flow toward the lumen becomes
a function of the area of the intercellular spaces. As
the intercellular spaces collapse, the volume of flow
will be nonlinearly related to the osmotic gradient
(21, 23), and has been described in the rabbit gall blad-
der by Diamond (24) as "nonlinear osmosis."

In the present study, the nonlinear relationships
between the osmotic gradient (lumen-serum) and rates
of water influx into the jejunal segments of the 3- and
7-wk-old rats and in the ileal segments of rats at all
three age periods (Fig. 3) were consistent with findings
in the gall bladder described above. The calculated
values of filtration coefficient indicated increasing
resistance to water flow with the rise in luminal hyper-
tonicity (Table II). However, findings in the jejunum
of the 2-wk-old rats were contrary to those in other
segments indicating a linear rather than a nonlinear
relationship between rate of influx of water and rise
in hypertonicity of the luminal fluids (Fig. 3). The cal-
culated values of filtration coefficient of water indicated
a slight decrease rather than an increase in resistance
to water flow from serum-to-lumen, with a rise in lumi-
nal hypertonicity (Table II). Inasmuch as during per-
fusion of the solutions with the higher osmolalities
(500 and 700 mosmol/kg) the water content of the seg-
ments had approached a minimum, around 77% (Table
I), it may be assumed that the epithelial intercellular
spaces were collapsed in the perfused segments of all
rats at the three age periods. It is possible that the
differences in the relationships between rates of water
influx and resistance to water flow, in response to lumi-
nal hypertonicity between segments of the 2-, 3-, and
7-wk-old rats, were due to differences in response of
the epithelial tight junctions or intercellular spaces
of the segments, to luminal hypertonicity. It is also

possible that in the perfused segments, water could
have been transported through epithelial cells and
membranes, especially when perfusion fluid osmolality
was high (500 and 700 mosmol/kg). In the gall bladder,
osmotic water flow into the lumen has been proposed
to proceed mainly through the epithelial cells and
cell membranes, rather than through intercellular
spaces and tight junctions (23, 25). In the present study
of young growing rats and in previous studies of adult
rats (5, 26), mannitol (with an estimated molecular
radius of 4.0 A) and phenol red did not cross the mucosal
membrane of either jejunum or ileum in significant
amounts (Table I), suggesting that the permeability
of the mucosal membrane to mannitol and phenol red
was not markedly different in the intestine of the 2-,
3-, and 7-wk-old rats, and the equivalent "pore" radius
of the intestinal epithelium (cell membrane and shunt
pathways) were probably not greater than 4 A reported
for adult rats (27-30).

The difference in the resistance to osmotic water
movement between segments of 2-, 3-, and 7-wk-old
rats could have been related to changes in mucosal
membrane structure and composition during matura-
tion. The biochemical composition of the brush border
membrane of the intestine has been shown to alter
during development in rabbits and rats (31, 32). Be-
cause at each level of osmolality the transport of water
in the segments of the 3-wk-old rats was intermediate
between those of the 2- and 7-wk-old rats, it would
appear that such a maturational phenomenon is a rather
slow process and occurs sometime after the weaning
age in rats.

Similarly, in reports by other investigators (33-37)
in the present study, secretion of water and electro-
lytes was found to be greater in the jejunum than in
the ileum. This difference in permeability between
the jejunum and ileum has been postulated to be due
to the existence of much larger pores in the mucosal
membrane of the jejunum than in the ileum (7, 35, 36).

In the jejunal segments, the influx of water was ac-
companied by net solute influx of which sodium and
chloride formed the major components (Figs. 1 and 2).
The proportional influx of water and electrolyte sug-
gested solute drag, bulk water flow in response to
hypertonicity of the luminal fluids (19, 38). In contrast
to the jejunal segments, in the ileal segments the in-
flux of water was not associated with a proportional
influx of solutes, in fact chloride was transported out
of the lumen in the ileal segments of the 3- and 7-wk-old
rats regardless of the hypertonicity of the luminal fluids.
The findings in the 7-wk-old rats were consistent with
those reported in the small intestine of the adult human,
where the apparent reflection coefficients for Na ahd
urea were approximately 0.5 in the jejunum and close
to unity in the ileum (7).
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The finding that chloride entered the lumen of the
jejunum and ileum in the 2-wk-old rats when luminal
osmolality was high suggested that during early infancy
the small intestine is unable to conserve chlordie
from hypertonic solutions as may occur during episodes
of osmotic diarrhea. The ability to conserve chloride
appears to develop by the 3rd wk of life in rats. The
conservation of chloride appears to be more efficient
than that for sodium, at least at the concentration used
in the present studies. This probably serves as a pro-
tective mechanism.

In the 2-wk-old rats, body weight (water content)
was about 14%of the corresponding values in the 7-wk-
old rats, yet actual amount of water lost during perfu-
sion with each of the hypertonic solutions was about
the same in the two groups of rats (Table I). Thus,
during osmotic diarrhea, the relatively larger losses
of water, sodium, and chloride into the intestine in the
infant than in the older rats would predispose them
to develop dehydration and electrolyte imbalance more
readily than adults.
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