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SUMMARY

1. The unidirectional Na and H20 fluxes, vascular pressures and total-
and absorptive site blood flows in the canine ileum were determined
before and during I.v. saline infusion and subsequent i.v. infusion
of hyperoncotic dextran. The intestinal perfusion solutions were isotonic
saline or isotonic saline and mannitol, but the effects of i.v. saline or i.v.
hyperoncotic dextran infusion were generally the same for both luminal
solutions.

2. Continuous i.v. infusion of saline caused a continuous increase in
the unidirectional flux of Na and H20 into the ileal lumen, an increase in
total blood flow, and an increase in venous pressure.

3. The net absorption of Na and H20 was decreased by i.v. saline
infusion.

4. The unidirectional fluxes of Na and H20 out of the lumen, arterial
pressure and absorptive site blood flow were not affected by i.v. saline
infusion.

5. i.v. hyperoncotic dextran infusion reversed most of the effects of
saline infusion.

6. The unidirectional fluxes of Na and H20 into the lumen were signi-
ficantly correlated with Starling forces during I.v. saline infusion.

7. It was concluded that intestinal transport of salt and water was
subject to regulation by physical forces at the capillary level.

INTRODUCTION

There is considerable evidence that the transport of salt and water
across certain epithelial tissues can be affected by physical or Starling
forces such as colloid osomotic pressure and hydrostatic pressure. Effects
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of hydrostatic pressure or colloid osmotic pressure on frog skin (Nutbourne,
1968), intestine (Humphreys & Earley, 1971) and kidney (Earley &
Friedler, 1966; Daugherty, Belleau, Martino & Earley, 1968; Koch,
Aynedjian & Bank, 1968; Imai & Kokko, 1972) have been demonstrated.
For intestine, results show that increased serosal hydrostatic pressure or
decreased serosal colloid osmotic pressure decrease the net transport of
salt and water and also that these forces are more effective when exerted
at the serosal surface than at the mucosal surface (Wilson, 1956; Hakim
& Lifson, 1969).
Most of the work relating Starling forces to transport has been done on

the kidney; little work has been carried out on other transporting organs,
such as the small intestine, which may also be affected by Starling forces.
Higgins & Blair (1971) studied canine intestinal salt absorption during
volume expansion with saline and concluded that the observed decrease
in net absorption was due to increased secretion into the gut lumen and
could have been caused by altered Starling forces. Humphreys & Earley
(1971) and Richet & Horynch (1969) reached similar conclusions in similar
studies. San Martin & Mailman (1972) suggested that the effects of body
tilting on gut transport were exerted through concomitant cardiovascular
changes. However, there were no direct attempts in the above studies to
determine the changes in Starling forces and to relate them to changes
in salt and water transport by the intestine. If Starling forces have an
effect on intestinal absorption, these forces must be exerted at the ab-
sorptive site. Blood flow within the gut is divided into four more-or-less
independent parallel circuits, to the muscularis, submucosa, crypts and
villi (Svanvik, 1973a). These separate, parallel vascular circuits could
also have separate regulation by central or local mechanisms (Svanvik,
1973b; Lundgren & Svanvik, 1973). Therefore, attempts to relate large
artery and vein pressures to total intestinal blood flow in order to cal-
culate capillary forces may not yield results valid for the portion of the
vasculature which is nearest the absorptive site. The present experiments
were carried out in an attempt to relate the unidirectional Na and H20
fluxes across canine ileum to blood flow and Starling forces at the absorp-
tive site.

In these experiments, total and absorptive site intestinal blood flow
were measured as clearances of 3H20 in the same manner that the clear-
ances of creatinine can be used to measure, simultaneously, both renal
plasma flow and glomerular filtration rate if the concentration of creati-
nine in the renal artery and vein and the amount excreted are known
(Ganong, 1973). The permeability of the intestinal mucosa to 3H20 is
enough to allow almost complete equilibrium between 3H20 in the lumen
and the blood draining the portion of the intestine (unspecified as to its
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exact anatomical nature) in contact with the luminal contents (Winne,
1972; Dobson, Sellers & Thorlacius, 1971). This portion of the intestine
is presumably involved in the absorption of H20 and Na and the venous
blood draining this area will have the same 3H20 concentration as in the
intestinal lumen. The luminal 3H20 concentration can then be used to
calculate absorptive site blood flow. The concentration of 3H20 in the
mesenteric vein blood draining the entire segment can be used to cal-
culate total segmental blood flow.

METHODS
Animal preparation

Dogs, most of them female (mean weight = 19 kg), were maintained for at
least one week on a standard animal hospital regimen. Food was withdrawn one
day before the experiment. Water was allowed ad libitum. The dogs were anaesthe-
tized with sodium pentobarbitone (30 mg/kg) and a tracheotomy performed. After
a mid-line laparotomy, two ileal segments (25-40 cm long) were separated from
the remainder of the intestine by transverse incisions. The most distal end of the
segments was about 30 cm oral to the ileocaecal valve. Rubber plugs containing
the inflow and outflow cannulae were tied into the ends of the two segments for
perfusion of either isotonic saline (NaCl, 9 g/l.) or isotonic saline-mannitol (5 g %)
(1/1; v/v). The saline-mannitol solution was employed in order to determine if the
character of the solution in the lumen could influence the effects due to the experi-
mental procedures. A branch of the mesenteric vein draining one of the segments
was cannulated for blood sampling. The mesenteric vein cannula was connected to
a saline manometer in order to measure mesenteric vein pressure. A femoral artery
was catheterized and connected to a mercury manometer for measurement of
arterial pressure and a femoral vein was catheterized for infusion of solution.

Experimental
After completion of surgery, perfusion of the lumen of each segment was initiated

at a rate of 2 ml./min using a dual channel roller pump (Cole-Parmer Model 7014-2).
The solutions were at 380 C. Usually, the distal segment was perfused with saline
and the proximal segment with saline-mannitol but there was no apparent difference
in results when the solutions were switched. The solutions contained 3H20, [14C]-
inulin (used as a volume marker) and 22Na (New England Nuclear) sufficient to give
counting rates of 20000, 4000 and 1000 cpm/2 ml., respectively. Perfusion was
carried out for 60 min to allow equilibration of the intestinal contents and intestinal
tissue before any samples were taken.

After the 60 min equilibration period four 15 min control periods were carried
out, followed by ten 15 min experimental periods. During each period the gut
effluents and a sample of mesenteric vein blood were collected and arterial and
mesenteric vein blood pressure determined. Every 45 min a sample of femoral
arterial blood was also collected.

Three different experimental procedures were carried out. One group of four
animals was not infused in order to determine the effects of time on intestinal
absorption and blood flow. A second group of seven animals was i.v. infused with
isotonic saline (380 C) at a rate of 1 ml./min. kg beginning after the 60 min control
period. A third group of seven animals was treated as in the second group but after
60-90 min of i.v. saline infusion, 25% hyperoncotic dextran (77 000 mol. wt.:
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Sigma Chemical Co.) in saline was i.v. infused for 20 min until 5 g dextranfkg had
been infused. After completion of the intravenous dextran infusion, the intravenous
saline infusion was reinstated.

Analyse8
The radioisotope concentrations of 3H20, [14C]inulin and 2"Na in the gut effluent

and in arterial and mesenteric vein plasma were counted to an accuracy of 2% in
a three-channel liquid scintillation counter (Beckman Instruments, LS-150) in a
cocktail of toluene/Triton X-100/Liquifluor (New England Nuclear) (2:1 :0-13;
v/v/v). Two ml. plasma or gut solution were counted in 10 ml. scintillation cocktail.
Suitable corrections for quenching and spillover were carried out. Na and K con-
centrations in the gut solutions and plasma were determined by flame photometry
(Eppendorf). Plasma colloids were determined as total solids by refractometry
(National Instruments). Haematocrits were determined by centrifugation in capillary
haematocrit tubes.

Catcukstiown
Net and unidirectional Na and H20 fluxes were calculated by the method of

Berger & Steele (1958). Absorptive site and total blood flow were calculated as
clearances of 3H20 based on the methods of Winne (1972) and Dobson et al. (1971).
Total blood flow (BFt) was calculated as BFt = 'H~b/(['H],-['H].), where 'H1b
represents the amount of 'TH20 absorbed and ['H]. and ['H], represent the con-
centrations of 8H20 in the mesenteric artery and vein respectively. Absorptive
site blood flow (BF.,) was calculated as BF., = 3Hbj[3H]i-[3H]a, where ['H]1
represents the concentration of 'H20 in the gut lumen. In practice, since [3H]. was
only about 4% of [3H]1 it was not used in the calculation of BF,.. It should be pointed
out that although BF. has been equated to a real mucosal blood flow (Winne, 1972;
Dobson et al. 1971), this has not been rigorously proven. For this paper BF. has been
functionally defined as the virtual blood flow which completely equilibrates with the
luminal 3H20. The above clearances were corrected for the volume of distribution
in the red blood cells which was found by direct measurement to be 0-77 of the red
blood cell volume and this volume of distribution was reached essentially instan-
taneously (unpublished observations).

Statistical analysis was by paired t test on the differences between the average
of the first four control periods in each animal and each of the ten subsequent
periods of the control animals or the saline-infused animals. The average differences
( ± s.E. of mean) are given in the Figures. Control period values are given in the
Figure legends. Statistical analysis of the results from animals infused with hyper-
oncotic dextran was by paired t test of the differences between the 15 min period
just before hyperoncotic dextran infusion was begun and the average of the three
15 min periods during and following the dextran infusion. Single and multiple
regression analysis was used to determine the relationship between the unidirec-
tional Na and H20 fluxes and the arterial pressure, mesenteric vein pressure and
colloid osmotic pressure. Calculations were carried out using a UNIVAC 1108
computer with programs in FORTRAN and STIL languages.

RESULTS
Control animal
The results from the control animals can be summarized; there were

no statistically significant changes in any parameter in any period for
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either the saline- or the saline-mannitol-perfused gut segments. Hence,
there was no effect of time, deterioration of the gut, etc., on intestinal
absorption or blood flow.

Saline-infused animals
The net absorption of Na (Fig. 1) began to decrease shortly after the

beginning of the intravenous saline infusion and became significantly
lower than control period values after 60 and 30 min in the saline- and
saline-mannitol-perfused gut segments, respectively. The net absorption
from both the saline- and the saline-mannitol-perfused segments, ob-
served during the control periods, was reversed to net secretion after
90 and 60 min of i.v. saline infusion, respectively. After 150 min of I.v.
saline infusion the net control period Na absorption from saline of
0-82 #tequiv/g. min was converted to a net secretion of 0-78 ,tequiv/g. min
and net absorption of 0-41 /zequiv/g. min from saline-mannitol was con-
verted to net secretion of 0*69 lsequiv/g . min. The changes in the net Na
absorption from saline and saline-mannitol were similar although the
amount of Na absorbed from saline was 100 % greater than the amount
of Na absorbed from saline-mannitol during the control periods.
The secretary (unidirectional blood-to-lumen) flux of Na (Fig. 1)

began to increase shortly after the beginning of the I.v. saline infusion
and became significantly greater than control period values after 90 and
60 min of saline infusion in the saline- and saline-mannitol perfused-gut
segments, respectively. The magnitude of the changes following I.v.
saline infusion and the control levels of the secretary Na fluxes were
about the same for both the saline- and the saline-mannitol-perfused gut
segments. The secretary Na fluxes into the saline- and the saline-mannitol-
perfused gut segments had increased by 270 and 230% above control
period levels, respectively, by the-end of the experiment.
The absorptive (unidirectional lumen-to-blood) flux of Na (Fig. 1)

from the gut segment perfused with saline-mannitol was not significantly
changed from control periods during the 150 min of i.v. saline infusion.
The absorptive Na flux from the saline-perfused segment remained con-
stant during 90 min of i.V. saline infusion but after 90 min decreased
significantly and remained decreased for the remainder of the 150 min
infusion. Since, in the control animals, the absorptive flux of Na de-
creased after 60 min, although not significantly, the decreased Na absorp-
tive flux during saline infusion may be due partly to an effect of time
rather than due solely to the intravenous saline infusion. The control Na
absorptive flux from the saline-perfused gut segment was about 100 %
greater than the Na absorptive flux from saline-mannitol.
The net fluxes of H20 (Fig. 2) from both saline and saline-mannitol
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t 15
LV. saline infusion Time (min)

Fig. 1. Mean change (+ S.E. of mean) from control period values of net,
absorptive and secretary Na fluxes from saline- or saline-mannitol-perfused
canine ileum during i.v. saline infusion (n = 7). Control period values (in
,uequiv/g. min) for saline-perfused gut were 0-82 ± 0-16, 0-61 ± 0-09,
1-43 + 0-22 and for saline-mannitol-perfused gut values were 0-41 + 0-11,
0-55 ± 0-07, 0-96 +0-14 for net (0), secretary (E) and absorptive (Dl)
fluxes, respectively. * represents a value significantly different from
control period values at least at the 5% level. The lack of any significant
changes in dogs not i.v. infused with saline (n = 4) is not shown for ease
of illustration. S, Saline-perfused gut; SM, saline-mannitol-perfused gut.

were significantly decreased after 60 min of i.v. saline infusion and the
decreased absorption began shortly after the beginning of saline infusion.
The net absorption observed in the control period was reversed to net
secretion after about 90 min I.v. saline infusion. After 150 min of i.v.
saline infusion the net H20 absorption from saline of 4-9 ,u./g. min was
converted to net secretion of 4-6 #1.-g. min and net H20 absorption
from saline-mannitol was converted from a net absorption of 5-1 l./g. min
to a net secretion of 2-3,t1./g.min. The secretary fluxes of H20 (Fig. 2)
into both saline and saline-mannitol were also increased shortly after the
beginning of intravenous saline infusion and both became significantly
greater than control period values after 45 min of saline infusion. At 105
and 120 min of saline infusion the secretary flux of H20 into saline-
mannitol became temporarily non-significant but was again significantly
increased after these times. After 150 min of saline infusion the secretary
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H20 fluxes were 38 and 42% greater than control period values for the
saline and saline-mannitol perfusion solutions, respectively. There were
no significant changes in the unidirectional absorptive flux of H20 during
i.V. saline infusion (Fig. 2).

t15 60 120 150
LV. saline infusion Time (min)

Fig. 2. Mean change ( S.E. of mean) from control period values of net,
absorptive and secretary H20 'flUxPs from saline- (S) or saline-mannitol-
perfused (SM) canine ileum during i.v. saline infusion (n = 7). Control
period values (in jul./g.min) for saline-perfused gut were 4-94+ 1-11,
12-8 ± 1-4, 17-8 + 2-2 and for saline-mannitol-perfused gut values were
5-10 ± 1-24, 15-8 ± 1-6, 20-9 ± 2-5 for net (m), secretary (Q) and absorptive
(D) H20 fluxes, respectively. * represents a value significantly different
from control period values at least at the 5% level. The lack of any
significant changes in dogs not i.v. infused with saline (n = 4) is not shown
for ease of illustration.

Total intestinal blood flow increased rapidly during i.v. saline infusion
and became significantly greater than control period values after 15 min
of saline infusion (Fig. 3). After 150 min of saline infusion total intestinal
blood flow was 246% above control period levels. In contrast to total
blood flow, absorptive site blood flow was not significantly changed from
control during any period during 150 min of i.v. saline infusion (Fig. 4)
for either the saline- or the saline-mannitol perfused gut segments.

Mesenteric vein pressure remained relatively constant during 30 min
of saline infusion but then rapidly increased and became significantly
different from control after 30 min of saline infusion (Fig. 5). Mesenteric
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vein pressure had increased 67 % above its control period value after
150 min of i.v. saline infusion. Arterial pressure was not significantly
changed during saline infusion; its control value was 121 (±5) mmHg
and its final value, after 150 min of saline infusion, was 119 (±6) mmHg.
Total solids had decreased significantly (3.21 + 0-24 g %; P < 0.001) be-
low the control period level of 5 6 + 0 3 g% after 150 min of saline in-
fusion. The haematocrit had decreased significantly (by 0-17 + 0 01;
P < 0.001) below its control period value of 0-43 + 0-02 after 150 min of

4
Total
intestinal
blood 3 * *
flow

2 **

Change *
from
control 1
(±S.E. of
mean) 0

(mi./g.min)

0 30 60 90 120150
Time (min)

Fig. 3. Mean change (+ 5.E. of mean) from control period values of total ileal
blood flow in control dogs (a, n = 4) and dogs during i.v. saline infusion
(O. n = 7). Control period value was 1-08 ( ± 018) ml./g.min. * repre-
sents a value significantly different from control period value at least at
the 5% level.

Absorptive 12
site A B
blood flow 8

4
Change 0
from
control
(4-S.E. of -8
mean) -12

(pml.fg.min) -16
0 30 60 90 120150 0 30 60 90 120150

Time (min) Time (min)

Fig. 4. Mean change ( +.E. of mean) from control period value of absorp-
tive site blood flow through saline- (A) or saline-mannitol-perfused (B)
ileum in control dogs (@, n = 4) and dogs during i.v. saline infusion
(0 n = 7). Control period values were 28-7 (± 3 3) and 32-1 (± 5 0) #u4g.
min for saline- and saline-mannitol-perfused segments, respectively.
There were no significant differences from control periods.
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saline infusion. The decreases in haematocrit and total solids were approxi-
mately linear with respect to time of i.v. saline infusion although the
rate of fall tended to decrease after 60 min of saline infusion. The mesen-
teric vein plasma Na concentration increased by 6-3 + 1-4 m-equiv/l.
significantly (P < 1 %) above its control value of 151 + 5 m-equiv/l., an
increase of about 4 %, after 150 min of i.v. saline infusion.

8 _

Venous
pressure 6 _

Change 4 * *
from* *
control *
(:s.E.of 2
mean)

(mmHg) 0

0 30 60 90 120150
Time (min)

Fig. 5. Mean change (s.E. of mean) from control period value of mesen-
teric venous pressure in control dogs (@, n = 4) and dogs during
i.v. saline infusion (0O n = 7). Control period was 7-63 (± 0.52) mmHg.
* represents a value significantly different from control period at least at
the 5% level.

Dextran-infuwed animal
The changes in intestinal transport and the cardiovascular effects

during and following intravenous hyperoncotic dextran infusion after i.v.
saline infusion are illustrated in Fig. 6. The effects of saline infusion were
similar to those presented above (allowing for the differences in the
times of infusion). Fig. 6 represents the average changes (± s.E. of mean)
between the period just before i.v. dextran was infused and the average
of the three periods during and following dextran infusion. The effects
of hyperoncotic dextran infusion were transient and were largely over
30 min after the completion of dextran infusion. The effects largely
paralleled the changes in plasma total solids which also returned to their
pre-dextran level 30 min after the dextran infusion was completed. There
were no significant effects of hyperoncotic dextran infusion on the net
flux of Na or H20, nor on the absorptive flux of Na nor on total intestinal
blood flow. The secretary fluxes of H20 and absorptive site blood flow
for the saline- and saline-mannitol-perfused segments were significantly
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decreased by intravenous hyperoncotic dextran while both arterial and
mesenteric vein pressures were significantly increased. Hyperoncotic
dextran infusion also significantly decreased the secretary flux of Na and
the absorptive flux of H20 from saline-mannitol-perfused gut segments
but did not significantly change these fluxes from saline-perfused gut

Na
fluxes

[,equiv]
Lg .min

02

0.1

0

0 1

021

H20
fluxes

g. min

CV
changes

Post-dextran -pre-dextran changes (+ S.E. of mean)
C] Saline-perfused gut n=7
0 Saline-mannitol-perfused gut

I

--1 -1o0_l -10- -5-
TBF ASBF AP MVP

[ml. ] ][m.g
min . min. g

Fig. 6. Mean changes (S.E. of mean) in Na and H20 fluxes and cardio-
vascular effects (CV) in canine intestine due to i.v. hyperoncotic dextran
infusion after prior intravenous saline infusion (n = 7). TBF, ASBF,
AP and VP represent total intestinal blood flow, absorptive site blood
flow, arterial pressure and venous pressure, respectively. *, * * * * *

represent a value significantly different from the pre-dextran period value
at the 5, 1 and 01 % level, respectively.
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segments. Total solids were significantly increased (P < 5 %) by 078
(± 026) g % from their pre-dextran value of 3-00 (+ 0.14) g 00. The
haematocrit was significantly decreased (P < 041 %) by 0 11 (± 0.004)
from its pre-dextran value of 0-27 (+ 0 02).

Relationship between Starling forces and secretary fluxes
Figs. 7 and 8 represent empirical relationships between observed and

calculated unidirectional Na and H20 secretory fluxes, respectively. The
graphs represent the data (saline- and saline-mannitol-perfused gut seg-
ments) from all periods for control experiments and those during which
i.v. saline was infused but do not include data from periods during or
after which hyperoncotic dextran was infused i.v. (see Discussion). The
graphs were obtained in the following manner: linear regression analysis
was carried out with the observed unidirectional Na or H20 secretion
into the lumen versus the arterial blood pressure, mesenteric vein pressure
and plasma colloid osmotic pressure (the physical factors contributing to
the Starling forces). The linear regression equations were calculated and
the correlation coefficients and their significance levels determined both
singly for each parameter and for the combined parameters (Table 1).

TABLE 1. Correlation coefficients (significance of linear correlation) of least-squares
regression line, calculated by single or multiple regression analysis, of the observed
Na and H20 secretory fluxes into the canine ileum vs arterial pressure, mesenteric
vein pressure and total plasma solids

Correlation coefficients of regression line

Forces Secretory Na flux Secretory H20 flux

Arterial pressure -0-28 (P < 1%) -0.17 (P < 5 %)
Mesenteric vein pressure 0 53 (P < 0 1 %) 0-24 (P < 1 %)
Total plasma solids -0 44 (P < 0.1 %) -0 40 (P < 0.1 %)
Total forces 0-67 (P < 01 %) 045 (P < 01 %)

Singly, the observed unidirectional secretary fluxes of Na and H20 were
each significantly correlated with arterial pressure, mesenteric vein pres-
sure and plasma colloid osmotic pressure, although not to the same
extent. There was also a significant linear correlation when these latter
three parameters were considered together. Considered singly, the secre-
tory Na flux was best correlated with mesenteric vein pressure (r = 0.53)
although colloid osmotic pressure was correlated almost as closely
(r = 0.44). The correlation of the secretary Na flux with all three Starling
forces, considered together, was greater than the correlation with any
one of the driving forces considered separately. In contrast to the corre-
lation of the Na flux with the combined Starling forces, the secretary
flux of H20 was correlated well only with the colloid osmotic pressure.
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The correlation of the secretary H20 flux with all three Starling forces,
considered together, was not improved as compared with the correlation
with the colloid osmotic pressure alone. For purposes of clear graphical
representation, the calculated Na and H20 fluxes were divided into nine
equal intervals and the average ( + s.E. of mean) of the observed values
corresponding to each calculated value in the interval was determined.

2.4
2.2
2.0

1.6

.x 1.2
.5 1.0
Z 0-8

0*6
0-4

0
0 0,20.40608 1.01-21.4 1.61 _8

Calculated Na Influx (poequiv/g.min)
=1-87+(0-098VP)

-(001 2AP)-(012 TS)

Fig. 7. Observed blood-to-lumen secretaryy) Na flux (s.E:. of mean) in
relation to a calculated Na flux determined by multiple regression analysis.
AP, VP and TS represent arterial pressure, mesenteric venous pressure
and total plasma solids, respectively. The calculated Na fluxes were
divided into nine intervals and averaged for purposes of graphing and the
corresponding observed Na fluxes were then averaged. The correlation
coefficient of observed V8. calculated Na flux was 0-67 (P < 0-I %, n = 225).

This method of visual representation was utilized for clarity since the
relatively large number of control values grouped in the first two intervals
distorted the graph visually. It can be seen that, although the unidirec-
tional Na and H20 secretary fluxes were linearly correlated with the
Starling forces, there was also a curvilinear relationship superimposed
over the linear relationship such that at low levels of these driving forces
the observed fluxes remained relatively constant as the driving forces
increased.

DISCUSSION

Intravenous saline infusion reduces the net absorption of both Na and
H20 by the canine ileum and can convert net absorption from the lumen
to net secretion into the lumen when the volume of saline infused is
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0*024

r 0-020

0-016x

0-012-

.0

0 0 004

0 1 I I I
0 0-004 0-008 0-012 0-016 0-020

Calculated H20 influx (pl./g. min)
=0-030+(1-2x 1O-4 VP)

-(74x10-5 AP)-(1.5x 10-3 TS)

Fig. 8. Observed blood-to-lumen secretaryy) H20 flux (s.E. of mean) in re-
lation to a calculated H20 flux determined by multiple regression analysis.
AP, VP and TS represent arterial pressure, mesenteric venous pressure
and total plasma solids, respectively. The calculated H20 fluxes were
divided into nine intervals and averaged for purposes of graphing and
the corresponding observed H20 fluxes were then averaged. The correla-
tion coefficient of observed V8. calculated H20 flux was 0A45 (P < 0-1%,
n = 225).

sufficiently great. The reduced absorption of Na and H20 is due primarily,
if not completely, to an increase in the blood-to-lumen flux of both Na
and H20. Concomitant with these changes in absorption, i.v. saline in-
fusion results in increased venous pressure and total intestinal blood flow
and decreased plasma colloid concentration. However, blood flow at the
intestinal absorptive site is unaffected despite a 250% increase in total
intestinal blood flow. Intravenous hyperoncotic dextran infusion signi-
ficantly reduces the secretary flux of H20 and reduces absorptive site
blood flow but has no effect on total blood flow when compared with
levels following i.v. saline infusion. Concomitant with these changes in
intestinal absorption following i.v. hyperoncotic dextran infusion, arterial
and venous pressure and plasma colloid concentration are all increased
while the haematocrit is decreased. The results of these experiments are
consistent with the hypothesis that Starling forces can alter the net
transport of Na and H20 across the small intestine by altering the uni-
directional flow of salt and H20 from the blood into the lumen.
The magnitudes of the total and absorptive site blood flow observed
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in these experiments require comment. Total blood flow was about
1 ml./min.g which is at the higher side of published values (Grim, 1963).
We attribute this to the small amount of trauma required for cannulation
of the mesenteric vessel using our technique. In other types of experi-
ments, requiring more dissection of the blood vessels, total blood flow
was decreased in rough proportion to the degree of trauma involved (un-
published observations). Absorptive site blood flow, in the present experi-
ments, was about 3 % of the total blood flow, both flows being expressed
per gram of total gut weight. Svanvik (1973a) has found that, in the cat,
villous blood flow was about 15 % of total blood flow under conditions
where total blood flow was about 0-25 ml./min.g. Considering the differ-
ences in total blood flow between these two experiments, for the same
total blood flow the villous flow determined by Svanvik and our absorptive
site blood flow would be comparable on a basis of the fraction of total
blood flow. If the absorptive site blood flow, as measured in these experi-
ments, is the blood flow through the villi, which constitute about 10%
of total ileal weight, then absorptive site blood flow would be about
0 3 ml./min.g villi (corresponding to 0 03 ml./min.g total thickness
weight). This figure can be compared to blood flows of about 0.15-
0 30 ml./min.g villi, determined by others (Svanvik, 1973a).

Neither the absorptive site blood flow nor the arterial-venous hydro-
static pressure gradient is greatly changed during the course of I.v. saline
infusion. Arterial pressure decreased only 2 mmHg over the entire experi-
ment while venous pressure increased by 5 mmHg resulting in a decrease
of only 7-8 % in the pressure gradient for blood flow. Since neither
absorptive site blood flow nor the blood pressure gradient changed
significantly the absorptive site resistance to blood flow must also have
remained constant. The constancy of absorptive site blood flow can be
contrasted with the 250 % increase in total intestinal blood flow which
would require a decrease in the resistance to blood flow in the remainder
of the intestine. Changes in mesenteric resistance are primarily due
to changes in pre-capillary resistance, (Wallentin, 1966) and therefore
will result in more or less arterial pressure being transmitted to the
capillaries.
Although i.v. saline infusion did not significantly affect absorptive

site blood flow, i.v. hyperoncotic dextran infusion significantly decreased
absorptive site blood flow about 25 % while significantly increasing
arterial and venous pressure 13 and 4 mmHg, respectively, as compared
with the period just before dextran infusion. The relative increases in
arterial and venous pressure represent an increase in the arterial-venous
pressure gradient of about 8 %. The absorptive site resistance and,
therefore, the precapillary resistance must have increased. The effect of

110



SALINE AND GUT ABSORPTION AND BLOOD FLOW 111

hyperoncotic dextran in reducing absorptive site blood flow may reflect
a myogenic type of reflex (Johnson, 1967).

Capillary pressure is determined by arterial and venous pressure and
the relative magnitudes of the precapillary and post-capillary resistances.
Since pre- and post-capillary absorptive site resistances remained rela-
tively constant during saline infusion, arterial and venous pressures
could be employed directly as a relative measure of capillary pressure in
determining their relationship to the unidirectional secretary fluxes
(Figs. 7 and 8). This direct use of arterial and venous pressure could not
be employed during i.v. hyperoncotic dextran infusion since there were
changes in the absorptive site resistance and therefore also changes in
the relative magnitude of the pre- and post-capillary resistances. Also, it
is very likely that the effective colloid osmotic pressure of dextran in the
body is different from the effective colloid osmotic pressure of the plasma
proteins. Therefore, plasma colloid osmotic pressure, measured as total
plasma solids, could not be equated between the experiments employing
i.v. saline infusion and those employing i.v. hyperoncotic dextran infusion.
Qualitatively, the decreased secretary H20 fluxes which were observed
would be the expected change due to an increase in colloid osmotic
pressure.
Although there was a significant linear correlation between the ob-

served fluxes of Na and H20 into the lumen of the gut and the arterial
and venous pressure and plasma colloid concentration these secretary
fluxes were relatively constant as the driving forces increased in their
lower range. The relatively low and constant influxes when net driving
forces are low may represent only the diffusive component of movement
into the gut lumen. The magnitude of the diffusive component would
depend on the concentration of Na and H20 in the blood and the area
and thickness of the surface available for diffusion. The relatively high
influx of H20 as compared with Na when the driving forces are low is
consistent with this possibility since the diffusion of H20 is more rapid
than that of Na. As the net driving forces on capillary Na and H20
increase, convection or bulk flow is added on to the diffusive component
and the influx increases.
A comparison of the correlation coefficients for single regression analysis

(Table 1) suggests that the secretary flux of Na and H20 are, at least
partly, independent. The secretary flux of H20 is correlated primarily
with the colloid osmotic pressure whereas the secretary flux of Na is
correlated with both colloid osmotic pressure and venous pressure. These
findings are consistent with the results of Shields & Code (1961), who
found that increased venous pressure increased the secretion of Na into
the intestinal lumen but had little effect on the secretary flux of H20.
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Also consistent is the finding that hyperoncotic dextran infusion had a
greater effect in decreasing the secretary H20 fluxes than the secretary
Na fluxes despite an increase in both arterial and venous pressure which
would tend to oppose the effect of increased plasma colloids. Possibly,
there are two channels for the movement of Na and H20. One channel
may be permeable to both Na and H20 and would be subject primarily
to colloid osmotic pressure as a driving force. The other channel may be
relatively more permeable to Na and would be subject primarily to
capillary hydrostatic pressure as a driving force. For example, the model
of standing gradient osmotic flow proposed by Diamond & Bossert (1967)
postulates fluid flow in the lateral spaces of the cell in which the fluid
nearer the tight junction is hypertonic while the fluid nearer the blood is
isotonic. If increased hydrostatic pressure forced fluid through the tight
junctions, relatively more Na than H20 could be secreted into the lumen.
If increased colloid osmotic pressure pulled fluid from the basilar end of
the lateral spaces then bothNa and H20 secretion could be changed equally.
The changes in the fluxes of Na and H20 were, in general, not signifi-

cantly different from control within the first 60 min of saline infusion.
However, the slope of the curves suggests that the effect of saline infusion,
although initially small, occurred within 15 min. The effects of saline
infusion on total intestinal blood flow and venous pressure were also
rapid. The lack of change in mesenteric vein pressure during the first
30 min of saline infusion and the sudden rise therefore probably reflects
filling of the normally partially collapsed veins. Further filling caused
stretching and a rise in pressure.
In summary, saline and hyperoncotic dextran infusion can influence

the movement of Na and H20 from the blood into the lumen of the gut.
This response is homoeostatic in that it tends to correct an imbalance of
body fluid volume or oncotic pressure. The effects are exerted through
changes in plasma colloid oncotic pressure and venous pressure without
large changes in absorptive site capillary resistance or blood flow. The
mechanism is related to changes in physical forces which can be affected
differently at the intestinal absorptive site as compared with the remainder
of the intestine.

This work was supported by Office of Naval Research, ONR-NO0014.'
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