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Increased stool losses of water, solute, and
organic acids after the ingestion of milk during
acute diarrhea of infancy have been related to
impaired absorption of carbohydrate (1). We
have observed that the osmolality of diarrheal
stool water is usually high during periods of milk
intake. Furthermore, we have demonstrated that
carbohydrate comprises most of the solute content
of the stool water and that there exists a recipro-
cal relationship between the concentration of this
compound and that of Cl-, Na+, and K+. On the
other hand, there is a direct relationship between
the concentration of carbohydrate and total or-
ganic anions. Similar effects of carbohydrate on
stool volume and acidity have been described when
specific disaccharidases are deficient (2-9) or
when monosaccharide absorption is impaired (10-
13). An obvious assumption is that unabsorbed
carbohydrate exerts an osmotic effect in the bowel
and constitutes substrate for the generation of
organic acids. However, studies directed at veri-
fying these assumptions and determining the char-
acteristics of these processes at different levels of
the small and large bowel have not been per-
formed. Our present studies demonstrate that the
absorption of glucose by the jejunum is impaired
in acute diarrhea of infancy. The studies also
show that the associated net movement of fluid into

* Submitted for publication March 9, 1966; accepted
September 7, 1966.

Supported by grants FR-63-04 from the Division of
Research Facilities and Resources, U. S. Public Health
Service, and AM07595-03 from the National Institute of
Arthritis and Metabolic Diseases.

t Address requests for reprints to Dr. R. Torres-
Pinedo, General Clinical Research Center, School of
Medicine, University of Puerto Rico, San Juan, P. R.

:tResearch fellow supported by grant 1-S01-FR-05119-
03 from the National Institutes of Health.

the bowel in diarrhea occurs as a consequence of
bulk flow, determined by excesses of glucose in
the bowel lumen.

Methods

Ten infants with acute diarrhea (1 to 3 days' duration)
who were passing liquid stools at the time they were
chosen for study were investigated. In five of these, a
pathogenic Escherichia coli was isolated from the stools.
All were taking milk without vomiting. Once they had
recovered, no recurrence of the disease was observed on
follow-up examination. Seven infants who had had
urinary tract infections, but who had received no medica-
tion for at least 1 month, constituted the control group.
All infants were 2 to 4 months old and weighed between
4 and 6 kg.

The infants were given only small quantities of water
orally after 2:00 a.m. of the day of the study. Oral intu-
bation of the bowel with polyethylene tubing was begun
at 6:00 a.m. The tubes (Figure 1) were gently inserted
through a pacifier into the stomach and allowed to pro-
gress into the bowel by gravity and peristalsis. Placement
in the jejunum was verified by a spot film after bile-tinged
fluid had begun to flow from the proximal tube (Figure
1, A). The design and placement of the tube permitted
study of net fluxes in a 25-cm segment of jejunum. The
proximal orifice (A), through which test solutions were
infused, was positioned in the vicinity of the ligament of
Treitz, thus placing orifices B and C 15 and 40 cm into the
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FIG. 1. POLYVINYL TUBING SYSTEMUSED IN PERFUSION

OF THE JEJUNUM. Infusions were administered through
opening A. Fluid was collected through openings B
and C.
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TABLE I
Volume and composition of solutions infused into the jejunum*

Infusiont Volume Inulin Glucose Na+ Cl- Osmolality

mil/min mg/mi pmoles/ml ismoles/ml pmoles/ml jOsm/g
1 Mean 1.16 12.2 0 156 157 302

SD (0.04) (0.9) (1) (1)

2 Mean 1.14 12.4 478 157 158 811
SD (0.01) (0.2) (16) (1) (1)

3 Mean 1.15 12.7 911 150 150 1,290
SD (0.02) (0.2) (44) (1) (1)

* Results of these perfusions are given in Tables IL and III.
t Each infusion was administered during 80 minutes of equilibration followed by three 20-minute test periods.
t A chemically pure, anhydrous a-D( +)-glucose was used in the preparation of these solutions.

j ej unum, respectively. The position of the tubes was

checked by another spot film after completion of the
study. In all experiments, the distance between the distal
orifice (C) and the lips was 70 to 80 cm.'

The flow rate and composition of the three saline and
glucose-saline solutions infused into the jejuna of seven

infants with diarrhea and seven normal infants are shown
in Table I. A constant infusion pump was used to admin-
ister the solutions at a rate of 1.16 ml per minute. During
an equilibration phase for each solution, consecutive sam-

ples were collected at 10- to 15-minute intervals from the
distal orifice (C), until little variation in the concentra-
tion of the nonabsorbable marker (inulin) was observed,

1 The average length of the small bowel measured at
autopsy in five infants of 21 to 5 kg of body weight was

220 cm. This is a rough approximation, since measure-

ment of the physiological bowel length requires special
techniques (14) that were not followed in our study.

usually after 80 to 90 minutes. After equilibration had
been established, fluid was collected from the distal orifice
for three successive 20-minute test periods. Midway
during each test period, 1 ml of fluid was sampled from
tube B (the initial 1 ml obtained was discarded to avoid
errors caused by the dead space). Since the mean varia-
tion in the concentration of inulin in consecutive test

periods at the proximal collecting site (±5%) did not

differ significantly from the variation observed at the dis-
tal point (±4%) where fluid was collected continuously,
we assumed that changes of the observed concentrations
during each test period had no major effect on our results,
even though midpoint samples were not representative of
all the fluid passing the proximal collecting site.

In three additional studies in patients, the infusion rate
was increased to 3.2 ml per minute, and fluid was ob-
tained continuously from both collecting tubes. The flow
of fluid through tube B was controlled with a screw clamp

TABLE II
Composition of perfusion fluid at proximal and distal collecting points of the jejunum

Inulin Glucose Cl- Na+ Osmolality
No. of Study

Group subjects period* Proximal Distal Proximal Distal Proximal Distal Proximal Distal Proximal Distal

mg/mi Imoks/ml jumols/ml Pmols/mi ;&Osm/g
Control 7 1 Mean 8.2 8.9 139 139 141 136 292 289

SD (0.1) (0.6) (3) (3) (2) (1) (5) (3)

2 Mean 5.5 12.5 150 36 95 120 97 114 354 293
SD (0.5) (2.5) (16) (34) (3) (12) (5) (16) (8) (6)

3 Mean 4.0 3.7 238 142 77 70 77 69 438 315
SD (0.4) (0.4) (22) (31) (3) (4) (4) (5) (5) (22)

Diarrhea 7 1 Mean 7.5 8.3 140 137 140 136 284 284
SD (1.3) (1.7) (3) (2) (2) (1) (3) (7)

2 Mean 5.3 5.4 161 104 84 84 87 87 357 289
SD (1.1) (1.0) (41) (17) (2) (9) (5) (8) (20) (3)

3 Mean 4.1 3.2 261 169 69 61 69 65 430 333
SD (0.4) (0.2) (19) (17) (9) (7) (8) (6) (20) (38)

* Rate and composition of solutions perfused during periods 1, 2, and 3 are given in Table I.
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TABLE III
Comparison of the net fluxes of water, glucose, sodium, chloride, and total solute in and out

of the jejunum in control infants and infants with acute diarrhea

Normal* Diarrhea*
Infusion

Period rate Proximalt Distalt Net absorption* Proximalf Distalt Net absorptionl pi

Water, ml/min hWater, ml/min
1 1.16 1.74 (0.17) 1.60 (0.30) 0.14 (0.13) 1.90 (0.18) 1.72 (0.17) 0.18 (0.18) NS
2 1.14 2.61 (0.27) 1.15 (0.24) 1.46 (0.33) 2.71 (0.28) 2.66 (0.22) 0.05 (0.14) <0.01
3 1.15 3.65 (0.41) 3.95 (0.63) -0.30 (0.26) 3.56 (0.40) 4.55 (0.31) -0.99 (0.14) <0.05

Glucose, jimoles/min Glucose, Mmoles/min
1 0
2 545 392 (57) 41 (37) 351 (55) 435 (72) 276 (28) 159 (66) <0.01
3 1,048 871 (64) 556 (94) 315 (30) 929 (47) 767 (87) 162 (30) <0.01

Sodium, ,umoles/min Sodium, umoles/min
1 181 245 (21) 218 (45) 27 (29) 266 (25) 234 (23) 32 (27) NS
2 179 253 (40) 131 (29) 122 (18) 236 (29) 231 (16) 5 (18) <0.01
3 173 281 (44) 273 (31) 8 (12) 246 (10) 296 (18) -50 (10) <0.01

Chloride, jumoles/min Chloride, Mmoles/min
1 182 242 (22) 222 (50) 20 (33) 266 (24) 236 (22) 30 (28) NS
2 180 250 (40) 138 (34) 112 (16) 228 (28) 224 (18) 4 (16) <0.01
3 173 281 (41) 277 (36) 4 (5) 246 (12) 278 (13) -32 (13) <0.01

Total solute, ,Osm/min Total solute, pOsm/min
1 350 508 (58) 462 (108) 46 (54) 540 (49) 488 (44) 52 (53) NS
2 925 924 (108) 337 (121) 587 (91) 967 (140) 769 (63) 198 (76) <0.01
3 1,484 1,599 (131) 1,244 (193) 355 (61) 1,531 (89) 1,515 (130) 16 (67) <0.01

* The seven normal infants and the seven infants with acute diarrhea were similar in age and body weight.
t Values at proximal and distal collecting points were derived from data given in Table II. Numbers in parentheses

represent standard deviations.
4 Net movement out of lumen. Net movement into lumen is expressed as (-).
§ Significance of differences between both groups. NS = not significant (p > 0.1).

so that approximately 5 ml was collected each 15-minute
period. The concentrations of NaCl in the solutions in-
fused were approximately those used in the other studies,
but the glucose concentrations, and thus the osmolalities,
were lower. Polyethylene glycol (1%) was used as the
nonabsorbable marker.

Inulin was determined in an autoanalyzer by the method
of Roe, Epstein, and Goldstein (15), polyethylene glycol
by the method of Hyden (16), glucose by a glucose-
oxidase method (17), sodium by flame photometry in an
autoanalyzer, chloride in a Cotlove chloridometer, and
osmolality by the freezing point-depression technique.

Calculations. The method used to calculate net water,
ions, and glucose fluxes was recently described by Ford-
tran and co-workers (18). Calculations were based upon
differences in the composition of perfusate between proxi-
mal (B) and distal (C) collecting points as follows:
VB = VA* ([In]A/[In]B); VC= VB ([In]B/[In]c) - SB;
net water flux (milliliters per minute) =V - Vc; and
net ions and glucose fluxes = VB- [X]B -VC [X]C. VA
= infusion rate (milliliters per minute); VB = flow rate
at proximal collecting point (milliliters per minute) ; Vo
= flow rate at distal collecting point (milliliters per min-
ute) ; [In],A = inulin concentration of infusate (milligrams
per milliliter) ; [In]B = inulin concentration at proximal
collecting point; [In] =inulin concentration at distal
point; [X]B and [X]c = concentrations of ions and glu-

cose at proximal and distal collecting points; SB = sample
collected at B (milliliters per minute). A positive sign
indicates net movement out of the lumen and a negative
sign net movement into the lumen.

Results

Complete data in seven normal infants and seven
infants with acute diarrhea are given in Table II.
Derived values for both groups are presented in
Table III.

Glucose absorption in the test jejunal segment.
Table III shows that the average maximal rate
of glucose absorption in normal infants was 351
emoles per minute as compared with 159 umoles
in infants with diarrhea. In the control studies
the glucose load during period 2 only slightly ex-
ceeded the maximal absorptive capacity of the test
segment, but in the patients with diarrhea com-
parable loads were always far above the absorp-
tive capacity, and a large proportion of glucose
remained unabsorbed. In neither group did the
rate of absorption increase during period 3 despite
large increases in the concentration and load of
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FIG. 2. GLUCOSEABSORPTIONANDNET SODIUM FLUXES IN A 25-CM SEGMENTOF THE JEJUNUM
OF NORMALINFANTS ANDINFANTS WITH DIARRHEA. In normal infants absorption of sodium was

maximal as the glucose load coincided with the maximal rate of glucose absorption. Saturation
of glucose absorptive capacity resulted in marked decreases of the net sodium transfer out of
the lumen. In diarrhea, saturation of the absorptive capacity for glucose and effect on sodium
transfer occurred at lower glucose loads. See Tables III and V for details.

glucose. Thus, the quantity of glucose unabsorbed
increased in proportion to the load and was always
significantly greater in patients with diarrhea than
in control infants.

Net water and ion fluxes. Table III shows that
the flow rate of water at the proximal collecting

site was greater than the infusion rate. The
magnitude of the volume increment was largely
determined by the concentration of glucose in the
perfusion fluid, since a very rapid dilution of this
fluid occurred in the first 15-cm segment (between
points A and B).

TABLE IV

Composition of perfusion fluid at proximal and distal collecting points
of the jejunum in three infants with acute diarrhea*

PEG Glucose Na C1- Osmolality

Period Proximalt Distalt Proximalt Distall Proximalt Distalt Proximalt Distalt Proximalt Distalt

mg/ml pmoles/ml pmoles/ml 'Pmodes/ml pAOsmig
1 Mean 9.2 9.1 146 144 146 144 279 278

SD (0.3) (0.1) (2) (2) (1) (1) (1) (2)

2 Mean 9.5 9.5 64 35 128 127 128 128 315 286
SD (0.3) (0.1) (6) (10) (4) (5) (4) (5) (6) (3)

3 Mean 8.5 8.8 116 74 114 110 110 110 351 299
SD (0.1) (0.6) (12) (18) (1) (6) (2) (7) (5) (5)

* Volume and composition of fluid perfused in these studies were as follows: period 1, volume, 3.2 ml per minute;
polyethylene glycol, 10 mg per ml; NaCl, 155 mEq per L; osmolality, 276 mOsmper kg; period 2, volume, 3.2 ml per
minute; polyethylene glycol, 9.7 mg per ml; NaCl, 153 mEqper L; glucose, 101 mmoles per L; osmolality, 382 mOsmper
kg; period 3, volume, 3.2 ml per minute; polyethylene glycol, 10 mgper ml; NaCI, 151 mEqper L; glucose, 187 mmoles
per L; osmolality, 473 mOsmper kg.

t Fluid was collected at a constant flow from both collecting points.
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TABLE V

Net fluxes of water, glucose, and electrolytes
in three infants with acute diarrhea*

Period Proximal Distal Net absorption

Water, ml/min
1 3.15 (0.16) 3.18 (0.06) -0.03 (0.09)
2 3.00 (0.14) 3.00 (0.04) 0 (0.15)
3 3.37 (0.03) 3.27 (0.27) 0.10 (0.29)

Glucose, Jumoles/min
1 0 0 0
2 192 (9) 105 (25) 87 (15)
3 391 (36) 242 (68) 149 (36)

Na+, pmoles/min
1 460 (27) 458 (9) 2 (20)
2 384 (13) 381 (13) 3 (1)
3 384 (5) 360 (12) 24 (17)

C1-, Jhmoles/min
1 460 (22) 458 (7) 2 (18)
2 384 (15) 384 (16) 0 (1)
3 371 (8) 360 (6) 1 1 (1 1)

Total solute, JAOsm/min
1 879 (40) 884 (12) -5 (31)
2 945 (32) 858 (19) 87 (25)
3 1,183 (14) 978 (92) 205 (89)

* Calculated from values given in Table IV. Numbers in paren-
theses represent standard deviations of the mean.

Similar low rates of water and salt absorption
in the test segment were observed in patients and
control infants during infusion of saline alone
(period 1). Addition of glucose effected changes
in net transport of water and NaCl that were
different in the two groups. In normal infants, a
glucose load close to the maximal absorptive ca-
pacity of the test segment induced marked incre-
ments in net water, Nae, and Cl- absorption
(period 2). This effect disappeared when the
glucose load was increased, and large amounts
of glucose remained unabsorbed (period 3). A
fall in Na+ and Cl- absorption and a net flux of
water into the bowel lumen occurred in this last
period. A comparison of the effects of absorbed
and unabsorbed glucose on net Nat transfer in
normal infants and infants with diarrhea is illus-
trated in Figure 2. In cases of diarrhea, the larger
amounts of unabsorbed sugar caused a progressive
decrease in Na+ absorption until a reversal of the
net transfer of the ion occurred with the higher
glucose loads. The effect of glucose on net water
transfer paralleled that on Na+ (Table III).

In the studies shown in Tables IV and V, the
perfusion rate and the concentration of glucose
in the perfusate were adjusted to obtain glucose
loads near the maximal absorptive capacity ob-
served in the first seven infants with diarrhea,

This was done to determine whether Na+ absorp-
tion would be enhanced in diarrhea when absorp-
tion of the sugar was nearly complete, thus elimi-
nating the unfavorable osmotic gradient created
by unabsorbed glucose. The composition of the
fluid passing the sampling sites is shown in Table
IV. Glucose concentrations were lower and NaCl
concentrations higher than in the previous studies.
Table V shows that glucose absorption in the
segment did not reach the maximal rate of absorp-
tion with lower concentrations of glucose (period
2), and net Na+ transfer did not increase.

Net solute transfer. The osmolalities of the
fluid infused (Table I) were markedly decreased
at the proximal collecting site (Table II) and
tended to fall within the range of osmolalities of
the body fluids at the distal collecting point. Dilu-
tion of the luminal fluid was accomplished by net
absorption of solute and bulk flow of fluid into
the bowel (Table III). Average maximal rate of
net solute transfer in normal infants was 587
,uOsm per minute as compared with 198 FtOsm
in infants with diarrhea (period 2). Conversely,
net water transfer into the bowel was 0.30 ml per
minute in normal infants and 0.99 ml per minute
in infants with diarrhea (period 3).

Discussion

The present observations demonstrate that glu-
cose absorption in the proximal jejunum is im-
paired in acute diarrhea of infancy. Although the
factors responsible for this impairment cannot be
defined, some immediate consequences of the dis-
turbed glucose absorption are apparent and derive
from the physiological response of the small bowel
to osmotic pressure gradients. Absorbed or un-
absorbed glucose draws fluid in bulk out of or
into the small bowel. The concentration of NaCl
in the fluid moving in bulk depends largely upon
the reflection coefficient (o,) for NaCl.2 Fordtran
and co-workers (18) have found a value of 0.45
for oNaCl in the upper jejunum of adults. If this
value were applied to our normal infants, the in-

2The Staverman reflection coefficient (19) was origi-
nally applied to the transfer of nonelectrolytes through
membranes. Extension of this coefficient to the transport
of salts across biological membranes must take into con-
sideration the effect of electrical potentials on the indi-
vidual ions of the salt (20).

1920



ABSORPTIONOF GLUCOSE, WATER, AND SODIUM CHLORIDEIN A JEJUNAL SEGMENT 1921

crease in NaCl absorption effected by glucose
would be largely determined by solvent drag."

When fluid entering the small intestine is
hyperosmolal to plasma, there is rapid filtration
of water until the luminal fluid becomes isosmolal.
If luminal [Na+] is initially equal to plasma [Na+],
the magnitude of the decrease in the luminal con-
centration of the ion depends upon the quantities
of other electrolytes and nonelectrolytes contrib-
uting to the osmolality and upon the permeability
of the gut wall to these substances. Therefore,
with increasing concentrations of other solutes the
concentration of Nat approaches that of the fluid
flowing in bulk into the bowel under the influ-
ence of an osmotic gradient. Hence, the limiting
factor to the dilution of luminal Nat achieved by
that mechanism is the reflection coefficient for Na+
at each level of the bowel. The mean lower con-
centration of Na+ in luminal fluid observed in nor-
mal infants was 69 mEq per L, when the mean
plasma Na+ was 135 mEqper L. The value was,
therefore, close to that predicted for a reflection
coefficient of 0.45.

A brief surge of hyperosmolality created by per-
fusion with an absorbable nonelectrolyte, such as
glucose, causes a transient dilution of luminal Nat
by bulk flow effect and thus establishes a chemical
gradient between lumen and blood. However, in
the normal infant, glucose and water are rapidly
absorbed, and again the concentration of Nat in
the absorbate is less than in the parent fluid.
Hence, the Na+ gradient diminishes, and adsorp-
tion of this element by mechanisms other than
solvent drag is facilitated. The basis for these as-
sertions was first established by Abbott, Karr, and
Miller (22), who showed an inverse relation be-
tween glucose and Cl- concentrations in jejunal
and ileal fluids of adults after oral loads of hyper-
tonic glucose.

Our studies demonstrate that saturation of the
absorptive capacity of the jejunum for glucose re-
sults in decreasing rates of fluid and NaCl uptake
in normal infants and infants with diarrhea. The
mechanism operates in normal and diseased bowel,
but the larger amounts of unabsorbed glucose in

3 Calculated from the following equation: JNaC1 = CN&C1
(1 - CNCI ) J,, where JN.al = rate of NaCl transfer due to
solvent drag, CNaCI = mean NaCl concentration in the
luminal fluid calculated according to Fordtran and co-
workers (18), and Jv = net flux of solvent (21).

diarrheal disease create an unfavorable balance in
net flow of fluid across the jejunum. As a result,
there is augmented delivery of glucose and fluid of
decreasing ionic concentrations to distal segments
of the bowel. Since absorption of water in lower
segments depends increasingly upon absorption of
Na+, it is evident that the rate of fluid absorption
will change reciprocally with the Na+ gradient.
Curran and Schwartz (23) have shown that water
absorption ceases in the rat colon when the luminal
Na+ concentration is below 75 mEq per L; man-
nitol was the nonabsorbable solute that made the
solutions isosmolal with plasma.

It is likely that in diarrheal disease of infancy,
impaired absorption of glucose (or other sugars)
leads to a marked decrease in the ability of the
bowel to absorb salt and water. In fact, we have
demonstrated in previous studies (1, 24) that ad-
ministration of milk or carbohydrate to infants
with acute diarrhea results in increasing fecal loss
of water. The stool water was often hyperosmotic
to plasma, reaching values as high as 400 mOsm
per kg. Sugar and organic acids were the prin-
cipal solutes in these stools, and again a reciprocal
relation between the concentrations of those com-
pounds and NaCl was found. Therefore, the char-
acteristic changes in the composition of diarrheal
stools that follow milk feeding are probably a re-
flection of impaired absorption of nonelectrolytes,
such as the one herein described.

Summary

Electrolyte and glucose solutions of varying con-
centrations were perfused through a 25-cm seg-
ment of proximal jejunum in normal infants and
in those with diarrhea. Net fluxes of water, glu-
cose, and electrolytes were determined under equi-
librium conditions. Patients with diarrhea had
impaired absorption of glucose (159 pmoles per
minute; control infants, 351 pmoles per minute).
The net flux of water and salt was dependent upon
the proportion of glucose absorbed. Thus, when
the amount of nonabsorbed glucose was high, water
and salt moved into the bowel. In the absence
of glucose in the perfusate there was minimal net
absorption of water and NaCl in both patients and
controls. Wesuggest that net flux of water and
NaCl into the jejunum is determined by the effec-
tive osmotic pressure exerted by unabsorbed solute.
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