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Acute hypervolaemia increases gastroduodenal
resistance to the flow of liquid in the rat

J Xavier-Neto, A A dos Santos, F H Rola

Abstract
The effect of volume expansion of extra-
cellular fluid on gastroduodenal resistance to
the flow ofisotonic saline was assessed in three
groups of rats using intravenous infusions of
isotonic, isotonic-isoncotic, and isotonic-
isoncotic-isohaemic solutions. The gastroduo-
denal segment of 29 male Wistar rats was

barostatically perfused at a constant pressure
gradient of 4 cm H20 and changes in flow (ml/
minute) were taken as a reflection ofchanges in
gastroduodenal resistance. Isotonic expansion
led to a 33% drop in gastroduodenal flow
compared with the normovolaemic period in
the same animals (p<001). Extracellular
fluid expansion with isotonic-isoncotic and
isotonic-isoncotic-isohaemic solutions was

associated with reductions in gastroduodenal
flow of 29% (p<0.05) and 31% (p<0.01)
respectively. The increase in gastroduodenal
resistance is due to hypervolaemia per se and
not to haemodilution, decreases in plasma
oncotic pressure, or electrolyte imbalance.
The effect of hypervolaemia on gastroduo-
denal resistance, which was reversed by smalli
haemorrhages (0.5-1.0 ml per 100 g body
weight), may be due to changes in tonus or

phasic motor activity, or both, and may be part
of the homeostatic processes that help the
organism minimise liquid volume excess.
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In a recent report we showed that acute changes
in the extracellular fluid volume were followed
by changes in the flow of isotonic saline through
the antroduodenal segment of dogs. Acute extra-
cellular fluid volume expansion by intravenous
infusion of isotonic saline significantly decreased
antroduodenal flow. Conversely, retraction (by
haemorrhage) greatly increased it. Since the
antroduodenal segment was perfused at a con-

stant pressure during the experiment, the
changes in flow were assumed to reflect changes
in the resistance(s) of this part of the gastro-
intestinal tract, possibly changes in tonus or

phasic motor activity, or both. '

The gastrointestinal tract seems to react to
extracellular fluid volume imbalance by adjust-
ing its intestinal absorption/secretion ratio and
its motor function. Acute retraction of the extra-
cellular fluid volume is associated with a signifi-
cant increase in the intestinal absorption of fluid
and electrolytes.2 3 Extracellular fluid volume
expansion, on the other hand, is associated with a

significant reduction in intestinal absorption or

even in secretion of fluid and electrolytes.4 Acute
volume retraction reduces the motor activity of
the gastrointestinal tract through the release of
catecholamines,5 while acute expansion increases
jejunal tonus in dogs.6 Changes in gastro-

intestinal tract motor function may be related to
alterations in the absorption/secretion ratio and
may contribute to the homeostatic responses that
help the organism to compensate for fluid
imbalance.'

This view is consistent with reports showing
that increased intestinal tonus, per se, is associ-
ated with a significant decrease in intestinal
absorption of fluid and electrolytes, while
decreased tonus is associated with a significant
increase in absorption.7

Extracellular fluid volume expansion with
saline (NaCl 0 9%) infusions lead to haemodilu-
tion, reductions in plasma oncotic pressure
(favouring interstitial oedema), and electrolyte
imbalance' - factors that could possibly influence
gastrointestinal motor function. We therefore
decided to assess the specificity of the hyper-
volaemic effect on gastroduodenal resistance by
comparing the behaviour of gastroduodenal flow
after extracellular fluid volume expansion with
isoncotic Ringer solutions as well as with recon-
stituted homologous blood. A preliminary report
of this study has been published.9

Materials and methods
Twenty nine male Wistar rats (190-310 g) were
kept for 24 hours without food but with free
access to water. The animals were anaesthetised
with an intraperitoneal injection of urethane
solution (1 2 g per kg) and then underwent
tracheostomy. The external jugular or femoral
vein and the carotid or femoral artery were
cannulated with polyethylene tubing (PE 50).
The veins were used for infusion of expanding
solutions and drugs, while the arteries were used
for bleeding and for blood pressure measure-
ments. Blood pressure (in mmHg) was measured
continuously. In most experiments an Hg mano-
meter was used but in group IV we utilised a
Statham pressure transducer connected to a
polygraph (Narco-Bio-Systems, Houston, Tx,
USA). All animals received an intravenous
injection of heparin (500 U in 0 1 ml NaCl, 155
mM) to prevent cannula obstruction.
The abdomen was opened by midline incision.

The small intestine was exposed and sectioned
3 cm distal to the pylorus. The distal end was
ligated and the proximal one was cannulated so
that the tip of the cannula was 2 cm distal to the
pylorus. A gastric probe was introduced by
mouth and positioned in the corpus of the
stomach. Great care was taken to preserve the
regional circulation and innervation.

After surgical preparation was completed,
the gastric and duodenal probes were connected
to the bottom of their respective barostats
(reservoirs of isotonic saline whose liquid levels
were kept constant throughout the experiment).
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Figure 1: Schematic drawing ofthe barostat system used to perfuse the gastroduodenal segment
ofrats with isotonic saline under a constant perfusion pressure.

The gastric barostat (GB) liquid level was always kept 4 cm above that ofthe duodenal
barostat (DB). The volume ofsalineflowing out oftheDB was collected during two minute
intervals and the rate (ml/min) represented the gastroduodenalflow (GDF).

P1 and P2=peristaltic pumps; XA=xyphoid appendix; CA =carotid artery;JV=jugular
vein; S=stomach; D=duodenum; AP=arterial pressure.

The gastric barostat was positioned at different
heights in relation to the xyphoid appendix of the
rat as required by each experimental protocol,
while the liquid level of the duodenal barostat
was always kept 4 cm below that of the gastric
barostat. The result was a communicant vessels
system with a constant perfusion pressure of
4 cm H20 towards the duodenum in which the
resistance to the flow could vary only in the
gastroduodenal segment (Fig 1).
The liquid flowing out of the duodenal

barostat was collected over two minute intervals
and the rate was reported (in ml per minute) as

the gastroduodenal flow. In groups I, II, and III
the gastroduodenal segment was perfused with
isotonic saline at room temperature (28°C) but in
group IV the saline solution was brought to 370C
before reaching the gastroduodenal segment by
circulating it through a glass coil immersed in a

water bath at 38°C.

EXPERIMENTAL PROCEDURES
The animals were divided into four experimental
groups. Group 1 (n=9) was used to determine
the relation between gastric distension pressure
and gastroduodenal flow, as well as to set the
gastric barostat level to be used with the other
groups. The gastroduodenal segment was per-
fused at different gastric distension pressures by
varying the heights ofthe gastric barostat relative
to the xyphoid appendix (0, 3, 5, 10, and 15 cm)
but maintaining the resultant perfusion pressure
at 4 cm H20. For this, both barostats were

simultaneously raised to the required levels.
With groups II, III, and IV the gastric barostat
height was always 10 cm.
With group II (n=9), we investigated the

effect of acute isotonic expansion of the extra-
cellular fluid volume on gastroduodenal flow.
Twenty to 30 minutes after stabilisation of blood
pressure and gastroduodenal flow (control
normovolaemic period) the animals received an
intravenous infusion of Ringer's solution (Na=
140, K=4, Cl= 124, and HCO3 20 mmol/l
respectively) at a rate of 10 ml per minute up to
10% of body weight, according to Humphreys
and Earley." The gastroduodenal flow was
measured during the 20 to 30 minutes necessary
for extracellular fluid volume expansion and then
for 20 to 30 minutes afterwards. With group III
(n=6) we investigated the effect of isotonic and
isoncotic expansion of the extracellular fluid
volume on gastroduodenal flow in the same way
as in group II, but using Ringer's solution
containing bovine serum albumin 6 g/l. With
group IV (n= 5) we studied the effect of isotonic-
isoncotic-isohaemic expansion of the extra-
cellular fluid on the gastroduodenal flow by
infusing (in the same way as with groups II and
III) red blood cell suspensions in Ringer's
solution containing bovine serum albumin 6 g/l.
All expanding solutions were adjusted to a final
pH of 7-4.

In some experiments, dispersed among groups
II (n=4), III (n= 1), and IV (n=3), the effect of
extracellular fluid volume expansion on gastro-
duodenal flow were not reversed 30 minutes
afterwards. In these animals we determined if
small haemorrhages (0O5-1 0 ml of blood/100 g
body weight) would reverse the extracellular
fluid volume expansion effect, as has been
reported in the dog.'

PREPARATION OF BLOOD CELL SUSPENSIONS AND
ARTERIAL HAEMATOCRIT DETERMINATION
The red blood cells were obtained from four
to five donor rats. Blood was collected into
heparinised test tubes and then centrifuged at
2500 rpm for 15 minutes. The supernatant
plasma was discarded and the red blood cells
were washed three times more with Ringer-
albumin solution. The red blood cells were
resuspended in Ringer-albumin solution to the
control haematocrit of each animal to ensure
isohaemic expansion. When the surgical
preparation had been completed, a 0 5 ml sample
of blood was withdrawn from the rat's carotid or
femoral artery and centrifuged at 2500 rpm for
15 minutes to estimate the haematocrit. The
volume of blood withdrawn was immediately
replaced by an equal volume of Ringer-albumin
solution.

STATISTICAL ANALYSIS
Only the gastroduodenal flow values that were
three SDs from the mean of the control period
were used in analysis. This enabled us to evaluate
the latency and duration of the effect of extra-
cellular fluid expansion on gastroduodenal flow.
Statistical analyses were carried out for the
experimental periods in each group by pooling
the data between the intervals defined by the
three SD 'cut off points discussed above, and
comparing them with their respective controls
using Student's t test for paired means. Inter-

(ml/min)
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Figure 2: Effects ofgastric distension pressure at constant perfusion gradient on theflow of
isotonic saline through the gastroduodenal segment ofthe rat.

Increasing gastric distension pressures were obtained by positioning the gastric barostat 0, 3,
5, 10, and 15 cm above the xyphoid appendix. A constant pressure gradient was obtained by
maintaining the duodenum barostat 4 cm below the liquid level ofthe gastric barostat.

group analyses were also made comparing the
effect of the three expansion procedures on

gastroduodenal flow, latency, and duration of
extracellular fluid expansion effect on gastro-
duodenal flow, and were carried out by Student's
t test for unpaired means. The data are expressed
as means (SEM).
The gastroduodenal flow latencies in the three

groups showed striking variability (see results)
and as there were no significant differences
between the three expansion procedures we

decided to group the animals according to
arbitrarily defined criteria for the classification of
latencies - that is, slow responders (latencies
greater than 10 minutes) and fast responders
(latencies between 0 and 10 minutes) - and then
represent them in Figure 4 as normalised values
of gastroduodenal flow (% of control mean) at
two minute intervals after the start of infusion.
Intra- and intergroup statistical analyses were

carried out by Student's t test for paired and
unpaired means, respectively.

Results
The data in Figure 2 show that gastroduodenal
flow increased linearly with the height of the
gastric barostat up to 5 cm H20 above the
xyphoid appendix. Gastroduodenal flow did not
change appreciably above this height. The
gastroduodenal segment behaved as a constant
resistance between 0 and 5 cm, while above 5 cm
H20 it offered increased resistance to gastroduo-
denal flow, a feature also observed by others" 12

and interpreted as evidence for a vagally
mediated gastroduodenal reflex. 'I
A gastric barostat height of 10 cm (which

represents the mid-point in the plateau in Fig 2)
was used with subsequent groups since it
ensured reproducible gastroduodenal flow rates
and because a gastric distension pressure of 10
cm H20 does not seem to be far from physio-
logical ranges. I`

Figure 3(a) shows that isotonic expansion of
the extracellular fluid volume (group II) led to a

38% drop in gastroduodenal flow (p<001) com-

pared with the normovolaemic period in the
same animals. Figure 3(b) and (c) shows that the
extracellular fluid volume expansions that occur-
red with isotonic-isoncotic (group III) and

isotonic-isoncotic-isohaemic solutions (group
IV) were associated with reductions in gastro-
duodenal flow of 31% (p<0 05) and 39%
(p<001) respectively. These results were not
statistically different from those observed with
plain Ringer solution (group II). Extracellular
fluid expansion induced significant blood
pressure increases in groups II and IV (p<0O05),
but not in group III.
The time course of the gastroduodenal flow

reduction caused by acute expansion of the
extracellular fluid volume was variable. In 11
experiments the reduction in the gastroduodenal
flow began within two minutes of starting intra-
venous infusion, while in eight it took longer to
decrease appreciably (Fig 4) and in one experi-
ment there were no changes in gastroduodenal
flow in spite of a 10% body weight expansion.
The variation in the time course was distributed
among all groups and so there were no significant
differences among groups II, III, and IV in mean
latency (8 (7) minutes, group II; 10 (6) minutes,
group III; and 10-4 (11) minutes, group IV) or
mean duration (20-7 (4 8) minutes, group II; 20
(3 2) minutes, group III; and 16-4 (4 8) minutes,
group IV) of the decrease in gastroduodenal
flow. The mean thresholds for the expansion
effect on the gastroduodenal flow (calculated
from the data on latencies and infusion rates)
were 3d1, 3 5, and 4-1% of body weight for
groups II, III, and IV respectively.
The Table shows the effect of small haemor-

rhages on the decrease in gastroduodenal flow
induced by extracellular fluid expansion. It can
be seen that haemorrhage produced a 58%
reduction in blood pressure values (in relation to
the previous condition) (p<001) and brought
gastroduodenal flow values close to control levels
(NS from control, p<005 from the post infusion
period).

Discussion
The present study shows that acute expansion of
the extracellular fluid volume is associated with a
reduction in the flow of saline through the
gastroduodenal segment of the rat. This observa-
tion indicates that the extracellular fluid volume
somehow modulates the resistance(s) offered to
the flow of liquid by the gastroduodenal seg-
ment, as previously reported in the dog. '

Expansion of the extracellular fluid volume
with solutions containing serum albumin or
reconstituted homologous blood induced a
reduction in the gastroduodenal flow comparable
with that obtained with plain Ringer solution
(Fig 3). This indicates that the effect we
observed is probably caused by extracellular
fluid expansion per se and not by haemodilution,
a decrease in the oncotic pressure, or an electro-
lyte imbalance.
The perfusion system used in this study (Fig

1) is an adaptation of that originally described by
Miller.'2 Even though this system was originally
developed to reduce the influence of the proxi-
mal stomach or the duodenum, or both, on the
gastric emptying of liquid meals, we used it to
perfuse the gastroduodenal segment under a
constant pressure gradient and follow the
changes in flow as a reflection of motor activity.
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Figure 3: Effects ofisotonic, isoncotic, and isohaemic
expansions ofthe extracellularfluid (ECF) volume on
gastroduodenalflow (GDF) ofsaline and ofblood pressure
(BP) values.

Twenty to 30 minutes after stabilisation ofBP and GDF
rates (normovolaemic control) animals had theirECF volume
expanded by intravenous infusion (I ml/min up to 10% bw) of:
Ringer's solution (group II, isotonic); Ringer's solution
containing bovine serum albumin 6 gll (Ringer-albumin
solution) (group III, isotonic-isoncotic); and isohaemic
suspensions ofred blood cells in Ringer albumin solution
(group IV, isotonic-isoncotic-isohaemic). Acute expansion of
theECF volume induced similar decreases in the GDF in
groups II, III, and IV(33% p<0-05; 31% p<0-01 and 29%
p<0-01, respectively). Increases in BP were statistically
significant only in group II (p<0-05).

Statistical analyses were madefor the experimental periods
in each group by pooling the data between the intervals defined
by a 3SD cut offpoint (see methods) and comparing them with
their respective controls by Student's ttestfor paired means.
Histograms represent absolute GDF rates obtained during
nor>novolaemic control (Cont) and experimental periods
(Exp). Vertical bars indicate SEM I*=(p<0.05); 2*
(p<0-01); 3*=(p<0.001); NS=not significant.

0 10 20 30 40

Time of ECF expansion (min)

Figure 4: Time course ofthe extracellularfluid (ECF) volume expansion effect on
gastroduodenalflow (GDF) ofsaline in rats.

Animalsfrom groups II, III, and IV were divided into two groups according to arbitrarily
defined criteria for the classification oflatency oftheECF expansion effect upon theGDF - that
is slow responders for latencies greater than 10 min (n= 7) andfast responders for latencies
between 0 and 10 min (n= 11). The tracings represent normalised values ofGDF (% ofcontrol
for each experiment) at 2 mmn intervals taken after the start ofECF expansion.

Intra- and intergroup analyses were carried out by Student's t testfor paired and unpaired
means respectively. Intragroup analysis in the fast responder group showed a significant drop in
GDF 2 minutes after expansion onset while in the slow responders group a significant decrease in
GDF occurred only 22 minutes afterwards. Intergroup analysis showed that both tracings were
statistically differentfrom thefirst 2 minutes until the 24th minute.

The shaded area indicates the variance interval ofcontrol values. Open and closed circles
represent slow andfast responders respectively. Vertical bars indicate SEM. 1* =p<0-05; 2*=
p<001; 3* =p<0.001; NS= not significant.

This approach has been used by others to
investigate the behaviour of the various sphinc-
ters of the gastrointestinal tract. 18 1

In a rather complex portion of the gastro-
intestinal tract such as the gastroduodenal
segment, a reduction in gastroduodenal flow
might be caused by at least two factors - reduc-
tion in the gastroduodenal luminal space due to
phasic or tonic contractions and an increase in
compliance of the gastroduodenal segment.

In the present experimental model where
constant perfusion pressure was applied,
increases in gastric or duodenal compliance
would induce only transient changes in the
gastroduodenal flow instead of the long lasting
effect we have observed. This is consistent with
observations we have previously made in dogs,
where extracellular fluid volume expansion was
associated with reduction and not with an
increase in gastric20 and jejunal compliances.6

It is possible that the reductions in gastroduo-
denal flow described here were caused by phasic
or tonic contractions, or both, of the stomach
and duodenum. In the dog we observed that
acute expansion of the extracellular fluid volume
was also accompanied by increased tonus and
motility of the duodenum.62 This exacerbation
of the duodenal contractile activity correlated
closely, at least in about 70% of our experimental
observations, with a significant reduction in the
gastroduodenal flow.22
Even though the results presented in Figure 4

suggest the existence of at least two different
groups of animals in relation to the time elapse
between the start of extracellular fluid expansion
and significant increases in gastroduodenal
resistances (slow and fast responders), more
work is needed to explain this finding.
We have also observed (Table) that small

haemorrhages (0-5-1 0 ml per 100 g body
weight) counteracted the gastroduodenal flow
reduction in rats which had previously been
expanded. Catecholamines released during
haemorrhage, which reduce the contractile
activity of the gastrointestinal tract,' could
decrease the resistance offered by the gastroduo-
denal segment and explain the normalisation of
the gastroduodenal flow in rats, or even its
increase, as we have observed in the dog.
The increase in gastroduodenal resistance

induced by hypervolaemia may be mediated by
neural or humoral factors, or both. A nervous
reflex could explain the fast onset of gastroduo-
denal flow reduction in some ofour experiments.
High blood pressure receptors on the arterial
side may be involved, despite the lack of correla-
tion between blood pressure increases and
gastroduodenal flow reductions in group III.
Even though we have not monitored the central

Effect ofsmall haemorrhages on the reduction in
gastroduodenalflow induced by previous expansion of
extracellularfluid (ECF) volume with isotonic (n=4),
isotonic-isoncotic (n=1), and isotonic-isoncotic-isohaemic
(n=3) solutions

Haemorrhage
ECF volume (0-5-1 0 ml/

Control expansion 100 g bw)

Gastroduodenal flow 6-0 (3 5) 10-8 (3 0)
(ml/min)(n=8) 11-1 (2-2) p<001 (NS)
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venous pressure, extracellular fluid volume
expansion may reduce gastroduodenal flow
by a process affecting the low blood pressure
receptors on the thoracic bed.
Humoral factors may play a role in the reduc-

tion of gastroduodenal flow induced by extra-
cellular fluid volume expansion. The atrial
distension caused by hypervolaemia releases
atrial natriuretic factor,23 a peptide with potent
diuretic and natriuretic properties24 which in-
hibits the renin-angiotensin-aldosterone axis.25
Atrial extracts or atrial natriuretic factor are also
able to reduce intestinal absorption of fluid and
electrolytes in rats26 or in teleost fish.27 All these
actions could help the organism reduce excess
extracellular fluid volume. A recent report shows
that atrial natriuretic factor also affects the motor
function of the gastrointestinal tract by increas-
ing spontaneous contractions in the rat duo-
denum.28 As this effect is calcium-dependent and
is associated with activation of the guanylate
ciclase-guanosine monophosphate system, it is
possible that increases in intracellular calcium as
mediated by atrial natriuretic factor result in
enhanced tonus which could ultimately increase
gastroduodenal resistance and reduce the rate of
intestinal absorption of fluid and electrolytes.729
The physiological role of the increase in

gastroduodenal resistance(s) due to extracellular
fluid volume expansions is not clear. It may,
however, be part of the homeostatic processes
that help the organism minimise liquid volume
excess.
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