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THE ROLE OF INTESTINAL WALL COMPLIANCE IN THE

REGULATION OF INTESTINAL BLOOD FLOW
CHAPTER I
INTRODUCTION

Blood flow through a vascular bed is primarily regulated through
changes in the caliber of small vessels by contraction or relaxation of
its smooth muscle. However, in an organ which contains much extravas-
cular smooth muscle that exhibits wide variations in both its contractile
state and rhythmical activity, the passive changes in blood vessel cali-
ber caused by visceral smooth muscle activity may considerably influence
the bloocd flow. Sidky and Bean (1) state that rhythmic and tonic con-
tractions of intestinal muscle are important determinants of blood flow
and blood reservoir capacity of the intestine. Furthermore, they specu-
late that the rhythmic activity of intestinal muscle serves as an impor-
tant booster pump in the return of the blood to the heart.

The activity of iqtestinal smooth muscle can be affected by many
humoral agents which also affect vascular smooth muscle. The responses

of these two types of muscle to the same agents, however, are often op-

posite in direction. Many intestinal smooth muscle stimulants, such as

bradykinin and acetylcholine, are vasodilators. The total effect of an

agent on the intestinal vascular resistance, thus, may result from two

1
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opposing actions. For example, an infusion of 160 pg/min acetylcholine
can produce a decrease in intestinal blood flow. But at lower infusion
rate (5 pg/min) when the intestinal muscle is apparently not stimulated,
an increase in blood flow may be seen (2). Similarly, if the responses
of the visceral and vascular smooth muscle are in the same direction,
the vascular action of an agent may be over-estimated if its effect on

visceral muscle is not considered. Thus, in order to assess the direct
vasoactivity of an agent in the intestine, the action of the agent on the
intestinal smooth muscle must also be known.

Previous studies have demonstrated local effects of many vaso-
active substances on the intestinal vascular bed (3, 4). 1In addition to
the vascular effects, their effects on the intestinal motilityr were also
evaluated. However, the intestinal motility was measured by recording
intraluminal pressure, either with an open-tip catheter (3) or a balloon
(4). Of the agents tested, only methacholine chloride (3), KCl, acetyl-
choline and serotonin (4) at higher infusion rates, produced significant
changes in intraluminal pressure. The vasodilator effects of these four
agents were found to be masked by their stimulating effefts on the intes-
tinal muscle. All other agents that did not cause changes in the intra-
luminal pressure could have also affected intestinal wall tension. Since
the aséessment of the intestinal wall tension by recording the intralum-
inal pressure is probably not sensitive enough to detect small changes in
the intestinal wall tension, the vasoactivity of the agents.tested in
these studies may have been over- or under-estimated.

The reason why a particular vasoactive agent has different ef-

fects on different peripheral vascular beds is not well understood.: - For

example, the calcium ion produces constriction in most of the peripheral
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vascular beds but produces a vasodilatation in the stomach (5). Epi-
nephrine is a potent vasoconstrictor in the kidney but it produces a
vasodilation in the coronary circulation. Possibly, the sensitivity of
the vascular smooth muscle may differ in various vascular beds. It is
also possible that the activity of the extravascular component may play
a more important role in determining vascular resistance in some organs
than in others. The intestine, because of its anatomical structure,
presents the opportunity for assessment of the role played by the activi-
ty of visceral muscle in the regulation of intestinal blood flow.
Intestinal smooth muscle tension is generally studied in vitro
with isolated muscle strips. However, an occasional attempt has been

made to study it in wvivo. White et al. (6) in 1940 devised a method to

measure compliance of the colon in men and the method was used in the
investigation of neurogenic disturbances of the colon. In their method,
water was infused through the anus at a certain rate and intraluminal
pressure measured simultaneously. A change in the slope of the pressure-
volume curve indicated a change in the colon wall tension. Although the
same method was used again in 1949 by Scott and Cantrell (7) to study
the nervous control of colon motility in dogs, no furtlier systematic
study on intestinal compliance has been attempted. The need for study of
intestinal compliance as a means for understanding the function of intes-
tinal smooth muscle was emphasized in a recent symposium on gastrointes-
tinal research (8).

The purpose of the present study was two-fold. First, to en-
large our understanding of the influence of extravascular tension as it

affects vascular resistance, and second, to begin a systematic study of

intestinal compliance. A method has been devised which allows a
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simultaneous measurement cf intestinal compliance and motility, and its
vascular resistance in situ. The method also allows the detection of

small changes in intestinal wall tension.



CHAPTER II
METHODS

In anesthetized dogs, the influence of ileal wall compliance and
motility on ileal vascular resistance was studied by simultaneously mea-
suring these three parameters during several experimentsl procedures.

The procedures were: (l) alteration of the rate of local blood flow,

(2) local infusion of various naturally occuring substances, (3) systemic
intravenous infusion of epinephrine, {4) hemorrhage, and (5) bilateral
carotid artery occlusion.

The study was performed on mongrel dogs of both sexes, weighing
12 to 18 Kg. The dogs were anesthetized with pentobarbital sodium (30
mg/kg) and anticoagulated with heparin so&ium (6 mg/kg). After a mid-
iine incision, a segment of terminal ileum was exteriorized which weighed
20 to 30 gm and was 10 to 15 cm in length. The segments were lpcated
about 15 to 30 cm from ileocecal junction. The main artery of the seg-
ment was dissected free from the adjacent tissue and care was taken to
minimize damage to periarterial nerves. The segment was tied securely
at both ends and the mesentery cut to exclude collateral flow. A thdn
wall rubber balloon (Trojan-Ean, Youngs Rubber Co., N Y.), which had
an unstressed volume greater than 200 ml was connected to a No. 12 Fr.
gastric tube and was inserted into the ileal lumen. Each end of the
balloon was tied to the end of the segment. The portion of the gastric

5
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tube within the balloon had several holes for infusion and withdrawal of
water. 1In the middle part of the gastric tube, a three-way stopcock was
interposed for infusing the water. The other end of the tube was con-

nected to a pressure transducer (Model P23 Gb, Statham Lab. Los Angeles,

Calif.). The tube was filled with water and the air was carefully ex-

cluded from the balloon. The preparation is schematically shown in

Figure 1.

The main a;tery was cannulated with a right angle cannula made
f?om a 15 gauge needle that was attached to the perfusion tubing. The
segment was perfused at constant flow by interposing an extracorporal
circuit, which contained a Sigmamotor pump (Model TM 10), between a
branch of intestinal artery and the femoral artery. Interposed in the
extracorporal polyethylene perfusion tubing were two short segments of
latex rubber tubing. The first segment was placed in the Sigmamotor pump
and the second one just preceded the right angle cannula and was needled
for_the measurement of perfusion pressure. The pressure drop through
this cennula was 2, 2, 5, 6, and 9 mm Hg for flow rates of 3, 5, 10, 16.5
and 23.5 ml/min respectively. Systemic a;terial pressure was measured
through a catheter inserted via the femoral artery into the aorta. Per-

fusion pressure and aortic pressure were measured with a Statham pressure

transducer (P23 Gb). The pressures were recorded on a direct writing os-
cillograph (Model 296, Sanborn Co., Waltham, Mass.). Blood was pumped
at a rate which produced a perfusion pressure equal to or 10 - 20 mm Hg
below the aortic .pressure. Blood flow was maintained constant throughout

an experiment except in those experiments designed to study the effects

of rate of blood flow.

After all operative procedures were completed, the exteriorized



Figure 1. Schematic drawing of the ileal preparation showing
placement of ligatures and rubber balloon, threeway stopcock and gastric
tube for the infusion and withdrawal of water and for the recording of
ileal luminal pressure. The cannula, connected to the intestinal artery

allowed perfusion of the ileal segment with blood from the femoral

artery by a pump.
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ileum was moistened with warm saline and carefully covered with a sheet

of plastic film. A thermometer was fixed against the ileum and a heat
lamp was used to maintain the temperature of the segment at 36°©-38°C.
Ileal compliance was determined by measuring the change in ileal intra-
luminal pressure that were produced by given changes in intraluminal
volumes. An aliquot (5 or 10 ml) of warm water (37°C) was infused
through the three-way stopcock into the balloon to increase, stepwise,
the balloon volume to 5, 10, 15, 20, 30, and 40 ml. It was found, during
the course of this study, that the change in luminal pressure caused by
introducing 5 or 15 ml of water was not significantly different from
that by introducing 10 or 20 ml of water. The sequence of the measure-
ment of compliance was, therfore, changed to 10, 20, 30 and 40 ml. In-
testinal intraluminal pressure and perfusion pressure were allowed to
become steady before increasing volume. This procedure was repeated
several times (an average of 5), until reporducible values of intralumi-
nal pressure at each balloon volume were achieved. After reproducible
results were obtained, it was assumed that the compliance of the ileum

had reached a steady state. When the intraluminal pressure showed small
regular variations as a result of rhythmic contractions of the ileum,

the value of intraluminal pressure was taken at the valley of the wave.
I1f the rhythmic segmental contraction of the ileum produced wide and ir-
regular variations of the luminal pressure, the experiment was terminated

and the data were not used.

Effects of Rate of Blood Flow

The effect of blood flow rate on ileal compliance, motility and
vascular resistance was studied by lowering or raising the output of per-

fusion pump to levels which produced a perfusion pressure of about 30 or
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200 mm Hg. In 6 animals, the sequence was as follows: (1) Blood flow
was adjusted so that perfusion pressure equaled aortic pressure (control
flow). (2) Blood flow was then reduced to 3-3.5 ml/min (low flow). (3)
Perfusion was stopped (no flow). (4) Perfusion was then started at a
rate equal to control, and the compliance was measured while perfusion
pressure was rising (reactive dilation). (5) Control flow. (6) Flow
was increased to about 30 ml/min (high flow). (7) Control flow. 1In &4
dogs the sequence was reversed, i.e., control, high flow, control, low
flow, no flow, reactive dilation and control. Ileal compliance was mea-
sured at each step when perfusion and intraluminal pressure were steady

(except during reactive dilation). Each step lasted for several minutes.

Local Infusion of Various Vasocactive Agents

This study consisted of three steps: (1) A control period. (2)
Intra-arterial infusion of an isotonic solution of the agent upstream
to the perfusion pump. A Harvard infusion/withdrawal pump (Harvard
Apparatus Co., Inc. Dover, Mass.) was used for infusion of the agent.
(3) A post-infusion control period. Ileal compliance was ﬁeaaured during
each step when perfusion pressure was in a steady state. Eleven agents
were studied. These were epinephrine (Adrenalin chloride, Parke, Davis
& Co., Detroit, Michigan), acetylcholine (Acetylcholine chloride, Merck
& Co., Rahway, New Jersey), bradykinin (Sandoz Pharmaceuticals, Hanover,
New Jersey), serotonin (5-hydroxytryptamine creatinine sulfate, Sigma
Chem. Co., St. Louis, Missouri), adenosine (Nutritional Biochem. Co.,
Cleveland, Ohio), Adenosine-5'-triphosphate (ATP, Sigma Chem. Co., St.
Louis, Missouri), potassium, magnesium and calcium chlorides (Fisher

Scientific Co., Fair Lawn, New Jersey), phenoxybenzamine hydrochloride
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(DibenzylineR, Smith Kline & French Labs., Philadelphia, Pennsylvania),

and propranolol hydrochloride (InderalR, Ayerst Lab. Inc., New York).
The infusion rates were computed as the salts of agents, and mean blood

flow of these agents are listed in Table 1.

In a study of the effects of the adrenergic receptor blocking
agents, phenoxybenzamine hydrochloride (DibenzylineR, Smith Kline &
French Labs., Philadelphia) and propranolol hydrochloride (InderalR,
Ayerst Lab. Inc., N. Y.) on the response to epinephrine, the sequence of
the experiment was as follows: (1) control, (2) i.a. infusion of epi-
nephrine 0.2 pg/min, (3) control, (4) i.a. infusion of phenoxybenzamine
0.4 mg/min, or propranolol 20 - 40 pg/min for about 10 min. (at this
time, the vascular effect of epinephrine or isoproterenol was blocked),
(5) i.a. infusion of epinephrine at 0.2 1ng/min + phenoxybenzamine or pro-

pranolol, (6) post-control. Ileal compliance was determined during the

steady state of each period.

ﬁemorrhgge, Bilateral Carotid Artery Occlusion and
Intravenous Infusion of Epinephrine

All three procedures were performed in the same dog. The se-
quence of experiments was: intravenous infusion of epinephrine at 12
ug/min, bilateral carotid artery occlusion and hemorrhage. Hemorrhage
was produced by bleeding from the femoral artery 20 - 25 % of calculated
blood volume (the total blood volume was assumed to be 70 ml per kilo-
gram body weight). After measurement of ileal compliance, the blood was
reinfused via a vein. Hemorrhage lasted for about 10 min. Both common
carotid arteries were clamped suddenly below the carotid sinuses with
bulldog clamps for about 4 min. and then released. In these three pro-

cedures ileal compliance was measured, after perfusion and aortic pres-
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TABLE 1

SUMMARY OF AGENTS AND MANEUVERS STUDIED

Infusion Mean Blood Flow
No. rate ml/min/gm ileum
Local Effects
Blood flow rate 10 0-1.21
Epinephrine 10 0.2 ug/min 0.55
Acetylcholine 8 4 pug/min - 0.60
Bradykinin 10 0.1 yg/min 0.60
Serotonin 10 2 yg/min 0.58
Adenosine 10 10 pg/min 0.65
ATP 10 10 pg/min 0.66
Phenoxybenzamine 10 about 0.3 mg/Kg 0.55
Propranolol 10 about 30 pug/Kg 0.57
08012 10 0.12 mEq/min 0.58
MgCl, 10 0.12 mEq/min 0.60
KC1 10 0.02 mEq/min 0.60
KCl 8 0.07 mEq/min 0.59
KC1 8 0.18 mEq/min 0.60
Systemic Effects
I.V. Epinephrine 8 12 ug(yin 0.45
Hemorrhage 8 20-25 % calculated 0.45
total blood volume
Carotid Occlusion 6 0.53
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sures were steady, (1) during a pre-control period, (2) during the pro-
cedure, and (3) during post-control period. An i.v. infusion of epineph-
rine at 12 yg/min was found to increase systemic arterial pressure to a

level similar to that produced by bilateral carotid artery occlusion.

Presentation, Calculation, and Statistical Analysis of Results

The results are displayed by plotting steady-state mean perfusion
pressure and ileal intraluminal pressure, against the corresponding ileal
balloon volume. Since the definition of compliance is: Compliance = A
volume/A pressure in ml/mm Hg, the slope of the luminal pressure-volume
curve is inversely proportional to compliance. Thus, the less the slope
the greater the compliance. Ileal compliance was calculated by dividing
the highest volume introduced into the balloon (30 or 40 ml) by the dif-
ference between the intraluminal pressure at 0 and 30 or 40 ml balloon
volume. Compliance calculated by this way was not significantly diffewent
from those calculated with values obtained at 20 or 30 ml balloon volume.
An increase in ileal compliance indicates a less rigid ileal wall, and
is considered to reflect a decrease in ileal wall tension. The slope of
the perfusion pressure-volume curves, is directly proportional to the
rise in resistance caused by the increment in ileal balloon volume.

The results were also analyzed qualitatively by comparing the de-
gree of ileal motility during the control period with the motility seen
during the experimental procedures. Motility was judged by the rate and
amplitude of the fluctuations of intraluminal pressure. The ileal motil-
ity was further divided into three categories: (1) spontaneous movements
seen at a zero balloon volume, (2) movements appearing during distension

of the ileum and (3) movements appearing upon withdrawal of the water in
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the balloon.

Ileal vascular resistance (in mm Hg/ml/min) was calculated by
dividing perfusion pressure at zero balloon volume by blood flow rate.
Since ileal vein pressure was not measured, this pressure was not taken
into account in the calculation of vascular resistance. All the data
were statistically analyzed by the conventional pair comparison method
(9). The compliance and resistance during each experimental procedure
was compared with the pre- and post- experimental control values in the

same dog. A p value of less than 0.05 was considered to be statisticsal-

ly significant.



CHAPTER III
RESULTS

The Pattern of Changes in Ileal Motility and Vascular
Resistnace during Compliance Measurements

A typical trace of the variables necessary to determine ileal
compliance is shown in Figure 2. As the balloon volume was increased
stepwise from O to 40 ml, a concurrent increase in perfusion and intra-
luminal pressure was observed. At the moment of infusing water into
the balloon (indicating by arrows), perfusion pressure rose transiently
and then fell to a steady state. 1In Figure 2, this is seen clearly at
30 or 40 ml balloon volume. Intraluminal pressure was not recorded
during this transient, nor during the withdrawal of water. Perfusion
pressure declined sharply upon withdrawal of water from the balloon.
The withdrawal caused potent segmental contractions and peristalsis
which show on the recording as a spike-like rise and fall in intralumi-
nal pressure. Concurrent with these contractions, fluctuations of per-
fusion pressure appeared. We have named these‘ileal movement "after-
kicks"._ The after-kicks were usually not seen during the infusion of
agents which increased ileal compliance. Since they were seen even in a
completely denervated ileal segment, the after-kicks were probably dQe

to either a local neural reflex and/or Inherent properties of visceral

smooth muscle.

15
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Figure 2. A typical recording during the measurement of 1leal
compliance. Arrows indicate infusions or withdrawal of water into or
from the balloon. The balloon volume was increased in 10 ml steps to a

total of 40 ml and the 40 ml total was withdrawn in one step.
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Stretching the ileum by introducing water into the balloon gener-

ally produced segmental rhythmic contractions which were reflected on the
recording as wavy fluctuations of the intraluminal pressure with con-
comitant fluctuations of perfusion pressure. In Figure 2, they are most

evident at the 30 ml volume. In smaller segments of ileum, the rhythmic
contractions usually appeared at 10 or 20 ml volume but disappeared at
30 or 40 ml volume. 1In larger segments of ileum, the rhythmic contrac-
tions appeared at 30 or 40 ml volume. Thus, there seemed to be an opti-
mal level of pressure (about 10 - 20 mm Hg) which elicited the rhythmic
contractions.

Occasionally a decrease of perfusion pressure, instead of an in-
crease, was observed when ileal volume was increased. The decrease in
perfusion pressure might appear at a 10, 20, or 30 ml volume but very
rarely appeared at a 40 ml volume. The intraluminal pressure, however,
always increased stepwise as balloon volume was increased.

The mean values of the increment in the perfusion pressure and

ileal intraluminal pressure produced by introducing 30 ml of water into
the ileum were 25.6 * 4.2 (Mean £ S.E.) and 33.2 + 3.2 mm Hg in the less
compliant ileal segments. In the more compliant segments, they were 9.1
* 2.7 and 13.1 %+ 1.0 mm Hg. These values were obtained from 10 animals
which had the most compliant ileum and from the other 10 animals which
had the least compliant ileum. The mean weights of ileal segments of
these two groups were similar. Further, these values were the compliance
of the ileum at a steady state, i1.e., after the ileum had been distended
several times. Although the increment in the absolute value of perfusion
pressure was larger in the less compliant ileum, the percentage of the

pressure which was transmitted from ileal lumen to the blood vessel
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(A perfusion pr./A luminal pr. x 100) was little different from the

more compliant ileum. 1In the less compliant ileum, 77% of the luminal
' pfessure was transmitted to the perfusion pressure and in the more com-
pliant ileum 70%.

The effect of stretching the ileum on its compliance and vascular
resistance is shown in Figure 3. The ileum became progressively more
compliant as the measurements of compliance were repeated but it event-
ually became constant. As shown in Figure 3, compliance at the last
measurement (N) and the one before the last (N - 1) were the same. On
the average N equaled 5. As the compliance increased, the vascular
resistance decreased and became constant after several stretchings. As
with compliance, the resistance at N - 1 and N were the same but the
first and the third values were significantly different. The mean com-
pliance and resistance when first measured were 0.68 + 0.08 ml/mm Hg

and 8.50 * 0.52 mm Hg/ml/min. At the third measurement they were 1.04t

0.09 and 7.20 £ 0.50 respectively.

The compliance measured in this study was that of the entire
segment of the ileum including the smooth muscle and elastic tissue.
In order to find out what part of the living tissue contributed most

to the compliance at the volume used, a piece of ileum of the same size
was removed from the animal. When after several hours, it no longer
responded to acetylcholine or epinephrine, the same procedure for the
measurement of compliance was carried out. The ileum was very rigid

in the first measurement due to postmortum changes, but became constant

after a few stretchings. The intraluminal pressure stayed at 0 mm Hg
until the ileum was distended to 30 or 40 ml, when the pressure rose

sharply to 20-30 mm Hg. This study seemed to indicate that the
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Figure 3. 1Ileal compliance and vascular resistance during the
first control measurements of compliance. N. indicates the time when the
compliance of the ileum became constant. Depending upon the ileum, N
varied from 4 to 8. Straight lines perpendicular to the top of bars indi-

cate standard errors. The values are the mean of 15 randomly selected

experiments.
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compliance measured in vivo is most likely a reflection of the contrac-
tile state of the smooth muscle. In the inanimate ileum, no pressure
developed until the volume reached 30 or 40 ml. The pressure developed

at these volumes is presumed to be from the elastic property of elastic

tissue and smooth muscle.

Effect of Rate of Blood Flow

The purpose of this study was twofdld. One purpose was to see
if altering blood flow through the ileum could_alter ileal motility, and
the second purpose was to see if changes in intravascular pressure, re-
sulting from changes in blood flow rate, could alter ileal wall compli-
ance. Elucidation of the second question was essential for the interpre-
tation of the effect of various vasoactive agents on ileal compliance.
It seemed possible that these agents might alter ileal compliance in-
directly by affecting the wall tension of ileal intramural blood vessels.

The results of this study are shown in Figures 4 and 5 and Tables
2 and 3. 1Ileal compliance was not altered by either a decrease or an
increase in flow rate which attend a perfuéion pfessure ranging from 10
to 200 mm Hg. However, compliance during "no flow" was significantly
increased as compared with those during "control 1" and "low flow'". This
seemed to indicate that "mo flow'" decreased ileal wall tension. Vascular
resistance was not significantly increased by decreasing blood flow from
0.67 ml/min/gm ileum to 0.14 ml/min/gm. Hawever, it was significantly
decreased during reactive dilation and during the period of high flow
(1.21 ml/min/gm ileum). The ileal motility was usually accentuated (7
out of 10 dogs) during "no flow'". The accentuation was usually seen

during the measurement of compliance but rarely seen at the zero balloon
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Figure 4. Average effects of decreasing blood flow rate on the
perfusion pressure and ileal intraluminal pressure at various ileal
balloon volumes. Arrows indicate the point where the blood flow is
changed. Dotted lines indicate the changes of pressures which occured

when the ileal balloon volumes were zero.
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Figure 5. Average effects of increasing blood flow rate on the
perfusion pressure and ileal intraluminal pressure at various ileal bal-

loon volumes.
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volume (only 2 out of 10). Occasionally, the ileal movement was dimini-
shed during the "high flow'" (3 out of 10), but, in general, the findings

during high flow were inconsistent.

Effects of Local Infusion of Various Vasoactive Subgtances

Eleven agents were studied. These were epinephrine, acetylcho=:
line, bradykinin, serotonin, adenosine, ATP, potassium, magnesium and
calcium chlorides, phenoxybenzamine, and propranolol. The blocking
actions of phenoxybenzamine and propranolol on epinephrine-induced
changes were also studied. The infusion rate of each agent was chosen
according to its efiects on the ileal motility. When using agents which
inhibit ileal motility, such as eplnephrine, the infusion rates chosen
produced a minimal vascular effect. With agents which stimulate ileal
motility, infusion rates were selected which had minimal to moderate
effects on the ileal motility, so that the ileal movement would not be~-
come so active as to cause wide and irregular variations of ileal intra-
luminal pressure. In all experiments, the systemic pressure was not
altered significantly by local infusion of these agents. The infusion
rates of agents used, number of dogs tested and the mean blood flow are
shown in Table 1 (Chapter II, page 12).

The effects of epinephrine on ileal compliance and vascular re-
sistance are shown in Figure 6, and Tables 4 and 5. 1In Figure 6, and
in all subsequent Figures, the arrows indicate starting. and stopping the
infusion of the agents. The dotted lines indicate pressure changes at
zero balloon volume unless indicated otherwise. An infusion of 0.2
ug/min of epinephrine significantly increased compliance but did not

alter ileal vascular resistance at zero balloon volume. However, the
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Figure 6. Average effects of epinephrine (0.2 pg/min, i.a.) on
perfusion pressure and intraluminal pressure at various ileal balloon
volumes. Arrows indicate starting and stopping epinephrine infusion.
Dotted lines indicate pressure changes at zero balloon volume. N is

numbers of dogs tested, and F means blood flow.
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degree of increment in perfusion pressure during the measurement of com-
pliance was lowered, i.e., the slope of the curve of perfusion pressure
vs iieal balloon volume during epinephrine was less than that during the
controls (Figure 6). The rhythmic activity and the after-kicks were
diminished or abolished by the infusion of epinephrine.

The interrelationship between the vascular effect and the visce-
ral effect of epinephrine on vascular resistance is well demonstrated in
the lower panel of Figure 7. The experiment was done at zero ileal
volume. As can be seen in this figure, when the ileal movement was
active and the intraluminal pressure was high, a single injection of 0.5
pg epinephrine decreased intraluminal pressure and eliminated fluctu-
ations of lumen pressure concurrent with a decrease in perfusion pressure.
One minute later, when intraluyminal pressure was still low, injection of
the same dose of epinephrine produced an increase in perfusion preésure.

Thus, during the first injection, the vasoconstrictive action of epineph-
rine was presumably masked by its inhibitory action on the ileal muscle.
Acetylcholine, bradykinin, and serotonin are known to contract
isolated ileal smooth muscle. In order to avoid wide and irregular
fluctuations in the ileal luminal pressure, the infusion rates of these
agents during the study of compliance were chosen to produce minimal to

moderate effects on ileal motility. The effects of these agents on the
compliance and vascular resistance are shown in Figrues 8, 9, 10, and
Tables 4 and 5. All three agents decreased compliance. While acetyl-
choline and bradykinin significantly lowered the vascular resistance,
serotonin did not significantly alter it.

At zero balloon volume the responses of the ileum to these thrée<

agents were different. Bradykinin and serotonin produced an initial fall
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Figure 7. Effects of injection of epinephrine or acetylcholine
on perfusion pressure (Pp) and ileal luminal pressure (PL) at zero bal-
loon volume in two dogs. Upper panel shows the effect of acetylcholine
at 1 yg and 10 pg, and lower panel the effect of-epinephrine at 0.5 ug.
In the upper left chart, x1 and x5 indicate the attenuation of pressure
recording. After the injection of 10 pg acetylcholine, the luminal

pressure rose above 40 mm Hg such that the attentuation had to be in-

creased to x5.
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Figure 8. Average effects of acetylcholine (4 pg/min) on per-
fusion pressure and ileal intraluminal pressure at various balloon

volumes.
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Figure 9. Average effects of bradykinin (0.1 pg/min) on per-
fusion pressure and ileal intraluminal pressure at various balloon

volumes.
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Figure 10. Average effects of serotonin (2 pg/min) on perfusion

pressure and ileal intraluminal pressure at various balloon volumes.
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in perfusion pressure followed by a rise. The rise in perfusion pressure
occured concurrently with a rise in ileal luminal pressure. This appears
to indicate that the rise in perfusion pressure is due to the stimulatory
effect of either agent on the ileal muscle. 1In the steady state, the
perfusion pressure seen during infusion of bradykinin was lower than
before infusion. On the other hand, the response to serotonin was quite
variable. 1In half of the experiments, the perfusion pressure in the
steady state was higher during the infusion of serotonin than before in-
fusion, although the perfusion pressure was transiently lowered by sero-
tonin. 1In the other half, the perfusion pressure was lowered or un-

changed by serotonin. Thus, the mean perfusion pressure in 10 experi-

ments was not significantly altered by serotonin. However, if the in-

fusion rate was increased, either agent regularly produced a marked rise
in ileal luminal pressure and perfusion pressure and an increase in ileal
movement. The time of onset of the response by the ileal muscle was dif-

ferent between these two agents. Bradykinin took 1 to 2 minutes to

initiate a rise in ileal luminal pressure, whereas, serotonin took about

30 seconds.
Acetylcholine at the infusion rate used to study compliance (&
pg/min) did not increase the luminal pressure at zero balloon volume.

However, if the infusion rate was increased to 10 pg/min, acetylcholine

raised luminal pressure sharply and produced wide fluctuations in luminal
pressure. Figure 7 shows the effect of a single injection of 1 and 10

ug acetylcholine on the perfusion and ileal luminal pressures at zero - -

balloon volume. At 1 yg, it produced a slight increase in luminal pres-

sure. At 10 pg, it increased luminal pressure with a concurrent increase

in perfusion pressure. The results obtained with these three agents
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infused at higher rates clearly show that when the ileum is active, the

vascular resistance can rise even in the presence of a vasodilator at the

concentration which will produce a fall in vascular resistance in other

vascular beds.

Adenosine and ATP at an infusion rate of 10 pg/min markedly de-

creased vascular resistance but did not greatly alter compliance. Their
effects are shown in Figures 11, and 12, and Tables 4 and 5. The de-
crease in compliance, though small, was consistent with adenosine (10
out of 10 experiments). On the average, ATP decreased compliance more
than did adenosine but the results varied greatly in different experi-
ments. The statistical analysis revealed a significant change with a p
value of less than 0.01 for adenosine. On the other hand, the response
to ATP was so variable that no significant change was obtained. While
ileal motility was not affected by adenosine and ATP infused at 10 pg/min,
a single injection of 100 g adenosine or ATP raised ileal luminal pres-
sure with an increase in the amplitude of the rhythmic contractions.
The increase in ileal activity, however, did not cause a rise in perfu-
sion pressure, instead, it fell markedly. With adenosine and ATP, the
vasodilator action appears to be far more potent than the action on the
ileal muscle.

The effects of magnesium chloride and calcium chloride are shown
in Figures 13, and 14, and Tables 4 and 5. Both ions increased compli-
ance. While the magnesium ion significantly lowered the vascular re-
sistance, the calcium ion did not alter it significantly. 1Ileal move-
ments were diminished or abolished by both ions.

The effects of potassium chloride were complicated, and the re-

sponses varied with the infusion rate. Three infusion rates, low
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Figure 11. Average effects of adenosine (10 pug/min) on perfusion

pressure and ileal intraluminal pressure at various balloon volumes.
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Figure 12. Average effects of ATP (10 pg/min) on perfusion

pressure and ileal intraluminal pressure at various balloon volumes.
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Figure 13. Average effects of magnesium chloride (0.12 mEq/min)
on perfusion pressure and ileal intraluminal pressure at various balloon

volumes.
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Figure 14. Average effects of calcium chloride (0.12 mEq/min)
on perfusion pressure and ileal intraluminal pressure at various bal-

loon volumes.
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(0.02 mEq/min), intermediate (0.07 mEq/min) and high (0.18 mEq/min),

were used. These results are shown in Figures 15, 16, and 17, and Tables

4 and 5. At low infusion rate, KCl decreased resistance but did not

alter compliance. At the intermediate infusion rate, it increased com-
pliance and decreased resistance. At a high infusion rate, it decreased
compliance and increased resistance. Thus, the ileum was made more com-
pliant by the intermediate infusion rate of KCl but became more rigid
with the higher infusion rate. Figure 17 further shows a biphasic re-
spongse of perfusion and ileal luminal pressure to the higher infusion
rate of KCl. At zero balloon volume, it produced a fall in perfusion and ‘
ileal luminal pressure followed by a rise in both pressures. An infusion
of 0.18 mEq/min KCl1 seemed to cause a prolonged change in ileal tension
since the post-infusion compliance never came back to the preinfusion
control value. In some instances, the experiment had to be terminated,
because of wide fluctuations of ileal luminal pressure after the infusion
of 0.18 mEq/min KCl. Nevertheless, acetylcholine (4 ,g/min) could fur-
ther decrease iieal compliance after the infusion of 0.18 mEq/min KC1.
This demonstrates that the ileal smooth muscle was not rendered unrespon-
sive by the infusion of KCl at 0.18 mEq/min.

The rhythmic activity and after-kicks were generally diminished
or abolished by the intermediate or high infusion rate of KCl and was
occasionally diminished by the low infusion rate. The effects of the

infusion of KCl at various infusion rates on i1leal motility and perfusion
pressure at zero balloon volume are shown in Figure 18. An infusion of
KCl at 0.4 ml/min (0.07 mEq/min) abolished rhythmic contraction; and de-
creased intraluminal pressure. When 2.0 ml/min (0.36 mEq/min) KCl was

infused, the ileal luminal pressure rose sharply as soon as the agent
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Figure 15. Average effects of potassium chloride (0.02 mEq/min)
on perfusion pressure and ileal intraluminal pressure at various balloon

volumes.
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Figure 16. Average effects of potassium chloride (0.07 mEq/min)
on perfusion pressure and ileal intraluminal pressure at various balloon

volumes.
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Figure 17. Average effects of potassium chloride (0.18 mEq/min)
on perfusion pressure and ileal intraluminal pressure at various balloon

volumes.



59

jw JWNI0A NOO1IWwvE V3

OOcOnONo_ooovomONo_O

o Ov on ON o_

7 . \-
~ - \\
Lol
. 02
. Los

VN A

430 & uwy/ b3w gl o

j0J4U0D ‘
wh/uiwy/ W 09°0=4 ‘8=N

(bawgio) NNISSVLOd

|04JU0D

94nssald
[DUIWN) DAY |

+O 1)

o<l

0l

31nssaid
uoisnyiad

FOL!

06 |

Looz

|o8f]



60

Figure 18. Effects of an infusion of an isotonic solution of
potassium chloride in two experiments at 0.4 ml/min (0.07 mEq/min),
2 ml/min (0.36 mEq/min) or 1 ml/min (0.18 mEq/min) on perfusion pres-

sure (Pp) and ileal luminal pressure (PL) at zero balloon volume.
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reached the intestine. A biphasic response, i.e., an initial fall fol-

lowed by a gradual rise in intraluminal pressure, was observed when 1
ml/min (0.18 mEq/min) of KCl.was infused. With all three infusion rates,
KCl produced a concurrent change in perfusion pfessure and in the same
direction as ileal luminal pressures.

The effects of phenoxybenzamine on epinephrine-induced compliance
and resistance changes are shown in Figure 19, and Table 6. Epinephrine
at 0.2 pg/min alone produced an iﬁcrease in compliance but no change in
vascular resistance. Phenoxybenzamine, itself, caused a fall in resis-
tance and a rise in compliance. After pretreatment with phenoxybenzamine,
epinephrine did not alter compliance but decreased vascular résistance.
Thus, phenoxybenzamine altered both intestinal and vascular responses
to epinephrine. Phenoxybenzamine, like epinephrine, also abolished or
diminished the rhythmic activity and after-kicks in most experiments
(8 out of 10). In the other experiments, in which phenoxybenzamine did
not alter ileal motility, the infusion of epinephrine abolished ileal
motility.

The effects of propranolol are shown in Figure 20, and Table 7.

Propranolol, itself, produced an increase in compliance and resistance.

After pretreatment with propranolol, epinephrine further increased com-

pliance and resistance. Thus, propranolol altered the vascular response
of the ileum to epinephrine but not its effect on compliance. 1Ileal
movements were not altered by propranolol. Following the administration
of propranolol, epinephrine did not inhibit the rhythmic activity and
after-kicks. It seemed, therefore, that although propranolol blocked the
inhibitory effect of epinephrine on the ileal movement, it did not block

the effect of epinephrine on compliance.
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Figure 19. Effects of phenoxybenzamine (DibenzylineR) on the
epinephrine-induced changes in perfusion pressure and ileal intraluminal
P P g P P

pressure at various balloon volumes.
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Figure 20. Effects of propranolol (InderalR) on the epineph-
rine-induced changes in perfusion pressure and ileal intraluminal

pressure at various balloon volumes.
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Effects of I.V. Infusion of Epinephrine, Hemorrhage, and
Bilateral Carotid Artery Occlusion

The effects of intravenous infusion of epinephrine (12 ug/min),
hemorrhage and bilateral corotid artery occlusion are shown in Figures
21, 22, and 23, and Table 8. All three procedures increased ileal
compliance, although the increased compliance by carotid occlusion was
not statistically significant when it was compared against the first
control. Vascular resistance was increased by hemorrhage and carotid
artery occlusion but was not changed by i.v. infusion of epinephrine.
The systemic arterial pressure was significantly increased by i.v. in-
fusion of epinephrine and carotid artery occlusion but was decreased
by hemorrhage. The rhythmic activity and after-kicks were generally
diminished or abolished by i.v. infuéion of epinephrine and hemorrhage
but were not altered by carotid occlusion. Occasionally, spontaneous
ileal motility appeared during the course of hemorrhage suggesting that

some factors which stimulate the ileal motility were being activated.

Summary of Results

The direction of response of ileal motility, ileal wall tension
and ileal vascular resistance which occured in all experiments is shown
in Table 9. The direction of change in ileal wall tension was infered
from a change in compliance. An increase in compliance was considered
as indication of a decrease in ileal wall tension and a decrease in com-
pliance, an increase in ileal wall tension. Epinephrine, CaClp, MgCly,
phenoxybenzamine, propranolol, and hemorrhage inhibited ileal motility
and decreased ileal wall tension. Acetylcholine, bradykinin, serotonin
stimulated ileal motility and increased ileal wall tension. Potassium

chloride at 0.07 mEq/min inhibited ileal motility and decreased ileal
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Figure 21. Average effects of intravenous infusion of epineph-
rine (12 pug/min) on perfusion and ileal intraluminal pressures at various

balloon volumes. SP is the mean systemic arterial pressure.
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Figure 22. Average effects of hemorrhage (20-25 % of the cal-
culated blood volume) on perfusion pressure and ileal intraluminal

pressure at various balloon volumes.
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Figure 23. Average effects of bilateral carotid artery occlusion
on perfusion pressure and ileal intraluminal pressure at various balloon

volumes.
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TABLE 9

SUMMARY OF THE STUDY

Vascular
Ileal Motility? Ileal Wall Tension Resistance

Local Effect

Epinephrine ¥ ' >
Acetylcholine 4 t v
Bradykinin + | t M
Serotonin 4 + >
Adenosine + + ' +
ATP + - +
CaCl, + ¥ >
MgCl, | ¥ ¥ ¥
KC1 (0.02 mEq.) + + . ¥
KCl (0.07 mEq.) ¥ ¥ ¥
KCl (0.18 mEq.) v 4 4
Phenoxybenzamine v + ¥
Propranolol > + +

Systemic Effect

I. V. Epinephrine ¥ ¥ . >
Hemorrhage + + 4
Carotid Occlusion + Yor -+ 4

8 The responses included spontaneous movements at zero balloon volume,
rhythmic activity during the distension of balloon, and after-kicks.
These changes occured during the infusion of all agents at the in-
fusion rates shown in Table I, except ATP and adenosine. With these
two agents, the change could be detected .only by a single injection
of 100 ug of either agent.



78

wall tension; at 0.18 mEq/min it inhibited ileal motility but increased
ileal wall tension. Adenosine increased ileal wall ﬁension but did not
alter ileal motility unless it was infused at a very high concentration.
ATP did not significantly alter ileal wall tension.

The responses of ileal smooth muscle and vascular smooth muscle
to acetylcholine, bradykinin, adenosine, propranolol and hemorrhage were
in opposite directions. The responses to KCl (0.07 mEq/min), MgClz, and
phenoxybenzamine were in the same direction. Epinephrine, serotonin,
and CaCly at the infusion rates used had no effect on the vascular resis-
tance.

Stretching the ileum increases the extravascular pressure on the
intramural vessels and decreases vascular transmural pressure, an effect
which tends to passively compress the vessels and increase vascular re-
sistance. The effects of various procedures on this stretch-induced
increment of vascular resistance are shown in Figure 24. When the ileum
became less compliant, as a result of infusion of acetylcholine, brady-
kinin, serotonin or KCl (0.18 mEq/min), stretching the ileum produced a
higher ileal luminal pressure and a higher perfusion pressure. On the
other hand, when the ileum became more compliant as a result of infusion
of epinephrine, MgCly, or CaCly or during hemorrhage, stretching the
ileum produced a lesser increment in ileal luminal and perfusion

pressures.
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Figure 24. Eifects of various procedures on the stretch-induced
increments in ileal luminal and perfusion pressures. The ordinates are
the increments in luminal or perfusion pressures resulting from increa-
ses in balloon volume from O to 30 or 40 ml, i.e., the luminal or per-
fusion pressure at 30 or 40 ml balloon volume minus those pressures at
0 volume. 1In the left two columns are the agents which decrease compli-
ance (excepting KC1l 0.07 mEq.) and in the right two columns are the pro-
cedures or agents which increase compliaﬁce. Solid lines indicate pre-
infusion control values and dotted lines during the infusion of agents

or during the procedure. The values are the mean of experiments.
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CHAPTER 1V
DISCUSSION

This study was designed to investigate the influence of ileal

motility and compliance on ileal vascular resistance during various

stimuli. The parameters used to calculate compliance and vascular re-

sistnace were measured simultaneously. Thus, the discussion will
include the effects of stimuli on ileal motility and compliance, the
effects of stimuli on ileal vascular resistance and finally how ileal

motility and compliance can influence vascular resistance.

The Pattern of Changes in Ileal Motility and Vascular
Resistance during Compliance Measurements

This study shows that intestinal vascular resistance is markedly

affected by intestinal motility and wall tension. The influence of the

intestinal motility on ileal vascular resistance is well demonstrated

during the period of "after-kicks'" (Figure 2). Perfusion pressure fol-

lowed rhythmic changes in the ileal luminal pressure from moment to

moment. Since the blood flow was kept constant, changes in perfusion

Pressure represent changes in vascular resistance. The parallel changes

in perfusion and luminal pressure suggest that the changes in resistance
are secondary to ileal motility. 1Indeed, in the natural flow prepara-
tions, Sidky and Bean (1) have found fluctuations of blood flow, and
thus vascular resistance, from one moment to another in accordance with

81
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the variations in intraluminal pressure.

The influence of the contractile state of the intestinal smooth
muscle on the vascular resistance is well demonstrated in Figure 3. Here,
as the ileal compliance increased, i.e;, as the ileum became less rigid,
the vascular resistance decreased until, usually at the third stretching,

the increment in compliance was not followed by a further decrease in

vascular resistance.

From these: data, it does not appear possible to quantitate ex-
actly the influence of luminal pressure and compliance on the vascular
resistance. Such a quantitation would be possible if extravascular and
intravascular pressures could be determined simultaneously. An increase
in visceral muscle tension can increase extravascular pressure. The mea-
surement of compliance was done with the belief that compliance is a
direct reflection of visceral muscle tension although it 18 not a direct
meagsurement of that tension.

Occasionally a decrease in perfusion pressure during the measure-
ment of compliance was observed. This finding is probably due to a rear-
rangement of the intramural vessels. The rearrangement may produce a
decrease in gnarliness of intramural vessels, i.e., a decrease in the
degree of contortion (11). A similar finding has been observed during
the inflation of the rabbit lung (10, 11). Pulmonary vascular resistance
falls as the lung is inflated to a volume of 125 ml. It then rises upon
further inflation.

Intestinal movements induced by the filling of the lumen are of
two types (12); a continucus rhythmic activity which remains localized,
and an intermittent peristaltic contraction which travels alcng the intes-

tine in an aboral direction. Trendelenburg (13) termed the latter the
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"peristaltic reflex" and Bayliss and Starling (14) termed it the "peri-

staltic contraction'". These rhythmic contractions and peristaltic reflex
can be induced by increasing the luminal pressure by 1 to 2 cm H30. 1In
the present study, ileal movements seen during the distension of the
lumen were mostly that of rhythmic contractions and the contractions were
seen mostly when the luminal pressure was about 10 to 20 mm Hg. Thus,
there appears to be an optimum pressure for the induction of rhythmic
contractions. While in this study the pressure was about 10 - 20 mm Hg,
Gruber and DeNote (15) reported the optimum pressure to be 1% to 30 cm
Hy0. They also showed that at luminal pressures below 5 or above 30 cm
H20, rhythmic contractions decrease or disappear. The optimum pressure
found by them is much lower than that found in this study. Their method,
however, is quite different from that of the present study. They used a
balloon 38 mm long and 20 mm in diameter to study the activity of a
Thiry-Vella fistula in wun-anesthetized dogs. The fistula was 20 to 30
cm long and both ends were open to the air. The present study used a
balloon of 150 mm long and 30 mm in diameter to study the activity of a
pump-perfused ileal segment in deeply anesthetized dogs. The segment
was 10 to 15 cm long and both ends were tied. The observation made
during the course of the present study indicates that the deepness of
anesthesia (pentobarbital sodium) influences considerably ileal motility,
the. deeper the anesthesia, the quieter the ileal activity. Indeed, the
animals were so deeply anesthetized that no spontaneous motility occured
at zero balloon volume, even though luminal pressure ranged from 1 to 3
mm Hg during this period. Thus, the deepness and employment of anes-

thesia might account for the difference in the optimum pressure. Stret-

ching of the ileal segment also, in some degree, inhibits its motility
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and increases its compliance. Thus, by repeating the measurement of com-
pliance, the present study might indeed increase the threshold to cause
rhythmic contractions. Other factors, such as size of balloon and ileal
segment and ileal preparations (15, 16) may also account for the dif-
ference.

The after-kicks which are induced by the withdrawal of water from
the balloon appears to be a part of the peristaltic reflex. A similar
spike-1like fluctuation of the luminal pressure océurs during the emptying
phase of the peristaltic reflex (16). Withdrawal 6f water from the bal-
loon is mechanically equivalent to the process of emptying intestinal
contents. Furthermore, epinephrine and other inhibitors of ileal motil-
ity abolished stretch-induced rhythmic contractions and also abolished
after-kicks. Thus, the after-kicks seem to be a part of peristaltic
reflex and to be triggered by the same mechanism which induces rhythmic
contractions. The spike-like fluctuation of luminal pressure did not
occur during the measurement of compliance, because the water in the bal-

loon could not be expelled, i.e., no emptying phase of peristaltic reflex

could occur.

Effect of Rate of Blood Flow

This study shows that acute and large changes in blood flow, to
the ileum do not alter ileal compliance significantly. Rhythmic contrac-
tions and after-kicks, however, appear to be influenced by the supply of
blood to the ileum, since during '"mo flow" they were increased and upon
restarting perfusion they were diminishedl Scott and Dabney (17) have

reported that spontaneous ileal movement is usually increased during

ischemia. Their intraluminal pressure was in the range of 10 to 20 mm Hg
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which is tf\e optimum pressure for the induction of rhythmic contractions.
Similarly, in this present study, a potentiation of ileal movements oc-
cured during the measurement of compliance when the ileal luminal pres-
sure was raised, but rarely occured at a zero balloon volume when the
luminal pressure was below 5 mm Hg. This seems to indicate that rhythmic
contractions depend not only on the chemical environment of the ileal

smooth muscle, which 1s altered by ischemia, but also on ti:z intraluminal

pressure. Sensory receptors for the distension of the intestine and thus
to the intraluminal pressure have been postulated and their nerve struc-

ture studied (18). These receptors seem to be located in the mucous mem-

brane.

Since the ileal compliance during "no flow'" was significantly

greater than that during either "control 1" or "low flow", complete is-
chemia may cause a decrease in ileal wall tension at the same time that
it causes an increase in the stretch-induced ileal motility. The find-
ings are in accord with that found by Job et al. (19) who reported that

anoxia increases the peristaltic reflex followed by a complete paralysis
of the intestine. The mechanisms which are involved in the initiation of

intestinal motility and which regulate the contractile state of intes-

tinal muscle are different. The dissociation of the responses of ileal

motility and compliance found during ischemia was also observed in other
experiments. An infusion of 0.18 mEq/min KCl caused a decrease in com-
pliance with an inhibition of ileal motility. Acetylcholine, occasion-
ally, increased ileal motility at the same time it increased ileal com-
pliance. Phenoxybenzamine blocked the epinephrine-induced compliance

change but did not- block epinephrine-induced inhibition of the motility.

On the other hand, propranolol blocked the inhibitory effect of
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epinephrine on motility but did not block the change in compliance pro-

duced by epinephrine.

The mechanism by which ischemia causes a change in intestinal
tension and motility is not clear. Very few studies have been attempted
to clarify the mechanism. Baez et al. (20) showed a substance in the
portal vein blood of dogs after 4 hours ligation of the superior mesen-

teric artery, which inhibits the vascular response to epinephrine but
contracts isolated rat gastric muscle. However, the mechanism appears

to be more complicated and seems to involve the interaction of nervous,
chemical and physical factors. The accumulation of endogenous metabo-
lites, a decrease in POy, an increase in pCO, and possibly release of
some unknown agents during ischemia may all be involved in this pheno-
menum. It is known that stimulation of the mesenteric éfferent nerves
produces a reflex intestinal vasoconstriction and reflex inhibition of
intestinal motility with a decrease in intestinal luminal pressure (21).
A very small amount of ATP decreases the tension of isolated taenia coli
(22), but at a very high concentration, ATP and adenosine increase ileal
motility, as shown in this present study. The effects of acefylcholiﬂe

on -the vascular and visceral smooth muscles are augmented by increasing

local blood pCo, (2).

Although the mechanism involved in the responses of intestine to
ischemia is not clear, the direction of responses appears to be a compen-
satory process. A decrease in intestinal wall tension tends to de-
crease its vasculgr registance and an increase in rhythmic contractions
tends to facilitate inflow and outflow of the blood through this organ.
Both responses act in a direction which tends to improve the blood supply

to this organ during ischemia.
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As shown in Table 2 and 3, vascular resistance was increased by
decreasing blood flow and decreased by increasing flow. These responses
reflect the passive changes in the caliber of vessels resulting from a
decrease or an increase in the intravascular pressure. The autoregu-
latory response in this vascu1a£ bed is operable over the pressure range
50 to 200 mm Hg (4). The mean perfusion pressure at '"low flow" or "high
flow'" was 29 and 203 mm Hg respectively, which is beyond the range of
autoregulation. When the interrupted blood supply is re-established,
the initial vascular resistance is usually lowered than pre-occlusion
resistance. This response is called reactive dilation (or reactive
hyperemia). Scott and Dabney (17) could not regularly obtain this re-
sponse because of an increment in ileal motility. 1In this present study,
the response was seen in all experiments, perhaps because ileum was rel-

atively quiet such that the vascular resistance was not affected by

ileal motility.

Effects of Local Infusion of Various Vasoactive Substances

The ileum consists of three layers of smooth muscles and five
nerve plexuses. The observed local effects of agents in this study are
the sum of their effects on the muscle and nerve plexuses and it is
impossible to differentiate their actions on the muscle and the nerve
plexuses. Several studies have been done to elucidate the action of
these agents on the longitudinal and circular muscle or on the nerve
plexuses. The responée of the longitudinal and circular muscles appear
to be different (23). For example, bradykinin stimulates the longi-
tudinal but not the circular muscle (23). Further, the response of the.

muscle and nerve plexuses are, in gome cases, opposite in direction, e.g.,
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serotonin stimulates the muscle but inhibits the nervous plexuses after

a transient stimulation (18).

The changes in ileal compliance caused by vasoactive agents
theoritically may be due, secondarily, to their effects on-vascular
smooth muscle, since ileal wall tension may be influenced by the wall
tengion of intramural vessels. This possibility is ruled out by the
fact that a change in perfusion pressure from 10 to 200 mm Hg by chang-
ing blood flow rate does not alter ileal compliance (Figures 4 and 5).
This degree of changes in perfusion pressure should have altered vascu-
lar wall tension significantly. Thus, the changes in ileal compliance
seem to be due to their direct action on the ileal smooth muscle.

The effects of epinephrine on vascular and visceral smooth muscle
are opposite in direction. Epinephrine at the infusion rate 0.2 pg/min
increased compliance but did not alter vascular resistance. By calcu-
lation, using the formula: A blood concentration = infusion rate/blood
flow rate, this infusion rate would increase local blood concentration
of epinephrine by 0.013 pg/ml. The mean blood flow rate-of the present
study was 15.7 ml/min. This infusion rate is equivalent to 1.3 pg/min

intra-arterial infusion of epinephrine to a constantly-perfused dog hind-

limb where the mean blood flow is about 100 ml/min. From this writer's
experience, an infusion of 1 ug/min epinephrine to dog hindlimb regu-
larly produces an increase in local vascular resistance. The failure oﬁ
epinephrine to produce a resistance increase in this study may be d;ef
to, a) a higher threshold or lower sensitivity of ileal vascular smooth
muscle to epinephrine, or b) a lessening of the compressive effect of
visceral smooth muscle on the intramural vessels. The first possibil-

ity is not likely. Injection of 0.5 ug epinephrine, as shown in Figure
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7, clearly shows that the vascular response to epinephrine can be influ-
enced by ileal movements and wall tension. Epinephrine causes a relaxa-
tion of the visceral smooth muscle and thus increases vascular transmural
pressure which results in a passive decrease in vascular resistance.

In their classic papers, Dale (24), Rapport, Green and Page (25),
and Rocha e Silva, Beraldo and Rosenfeld (26), show that acetylcholine,
serotonin and bradykinin stimulate visceral smooth muscle and cause hy-
potension. All thres agents markedly dilate small vessels of mesenteric
vascular bed (3). This present study demonstrates that acetylcholine
and bradykinin at the infusion rate used, decrease ileal compliance and
vascular resistance. 1In the steady state, the vascular effect of sero-
tonin at the infusion rate used appears to be masked by its stimulatory
effect on the visceral muscle. At a high infusion rate, all three agents
produced an increase in vascular resistance as a result of potent activ-
ation of the intestinal movements. Figure 7 clearly shows this effect.
Thus, the intestinal vascular resistance can be raised during activation
of intestinal motility even in the presence of potent vasodilators.
Others have also reported this finding (2, 27, 28).

It is possible that the increases in vascular resistance pro-

duced by these three agents are due to local or systemic release of epi-

nephrine and norepinephrine. However, the alpha adrenergic blocking
agent, phenoxybenzamine which blocks the constrictor effect of the cate-
cholamines, does not block a bradykinin-induced rise in intestinal vas-

cular resistance (27). 1In reserpine-treated animals, a high concentra-
tion of acetylcholine still causes an increase in intestinal vascular
resistance (28). It is also possible that at higher concentrations these

three agents may actually produce a vasoconstriction in the intestine.
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This possibility is not likely. These three agents, at higher infusion

ratés, usually produce an initial fall followed by a rise in perfusion
pressure. Further, éhe subsequent rise in perfusion pressure always oc-
curs after or concurrently with a rise in ileal luminal pressure and an
increase in ileal motility. It seems, therefore, that the increased in-
testinal vascular resistance caused by these three agents results indi-
rectly through their effect on visceral smooth muscle.

ATP is a vasodilator in the dog forelimb, kidney and ileum, and
adenosine is a diiator in the forelimb and ileum and a constrictor in the

kidney (4, 29). Their effects on intestinal smooth muscle have not been
reported. This study shows that ATP and adenosine are vasodilators in
the ileal vascular bed. Both agents appeared to increase ileal muscle
tension and ileal motility at very high infusion rates. However, the
changes produced at 10 pg/min were very small. At this infusion rate,
ATP did not alter either motility or compliance, whereas, adenosine de-
creased compliance without altering motility. Bueding and Bﬁlbring (22)
find an inhibitory effect of ATP on the isolated taenia coli when a very
small amount of ATP is added to the bath. The difference may be explain-
ed in four ways: a) a difference in technique, i.e., in vivo vs in vitro,
b) a difference in concentration, c¢) a difference in tissue studied,
i.e., a segment of dog ileum vs guinea pig taenia coli, and d) a dif-
ference in innervation, i.e., an absence of nerve tissue in the taenia
coll preparation.

Calcium, magnesium or potassium ions at 0.07 mEq/min increase
compliance, whereas K* at a higher infusion rate (0.18 mEq/min) de-
creases compliance. These findings are in accord with that found by

Ambache (30). 1In the isolated mammalian ileum, calcium, magnesium and
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low concentration of KCl1 inhibit whereas KCl at high concentration stimu-
lates ileal motility (30).

The local vascular effects.of these ions are known in various
regional vascular beds. Magnesium ion and potassium ions in low con-
centration generally dilate the vessels of the forelimb (31), kidney
(32), heart (33), ileum (4) small intestine and stomach (5) in dogs.

The calcium ion raises the vascular resistance in all of these organs
except the stomach. In this organ, the vascular resistance declines
proportiona}ly as the dosage is increased over the range from 0.1 to 1.1
mEq/min. The action of KV has been found to depend upon the concentra-

tion (32,33). A dilatation occurs when the plasma concentration of K%

is raised over the range 4 - 9 mEq/ml, and a comstriction occurs when
the plasma concentration is further increased. The vascular effect of
K and Mg++ observed in the present study is in accord with that found
in other vascular beds.

In this present study, Catt did not alter vascular resistance.
It is possible that (a) Cé++, at the infusion rate used, has no effect

on the ileal vascular smooth muscle, or (b) that the vascular effect was

magked by its relaxing effect on the ileal wall. The effect of Catt
mimics that of epinephrine. A decrease in vascular resistance during
relaxing effect on the gastric smooth muscle. Similarly, the reason
Mgtt is relatively more potent vasodilator in the mesenteric vascular bed
than in other va;cular beds (5) may be ai;o due to its relaxing effect on .
the intestinal smooth muscle.

Parallel changes in perfusion pressure and intraluminal pressure

at various dosages of Kt (Figure 18) indicate that the vascular and vis-
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ceral actions of K' are qualitatively the same, i.e., potassium ion has
a biphasic action on both types of muscle. Furthermore, these actions
are always in the same direction and therefore always additive. From
the present study alone, it is not clear whether the biphasic (initigl
fall in resistance followed by a rise in resistance) effect of infusion
of 1 ml/min KC1 is due to active dilation and subsequent constriction of
the vasculature or to relaxation and subsequent contraction of intesti-
nal wall. Atropine sulfate simultaneously blocks the potassium-induced
vasoconstriction and increase in ileal motility (4). However, in the
kidney which contains no extra-vascular muscle, K' also has a biphasic
effect (32). Further, in an isolated segment of artery, a high concentra-
tion of K© produces constriction (34). It seems, therefore, that the
vascular effects of Kt found in this study are not entirelf secondary
to actions on the visceral muscle. A rise in intraluminal pressure with-
out fluctuation during infusion of 1 or 2 ml/min KCl indicates that
under this circumstance the ileal muscle is in sustained contraction.
Vogt (35) also found in the isolated intestine, that larger concentra-
tion of KCl produce a powerful contraction without accompanying rhythmic
movements,

The mechanisms by which epinephrine acts on the vascular and in-

testinal muscle and by which phenoxybenzamine or prepranolol blocks the
effecté“of epinephrine are not well understood. Epinephrine produces
many effects in the body, e.g., a vascular constriction in the kidneys,
a vasodilation in the heart, a cardiac muscle stimulation, an intestinal
muscle inhibition, glycogenolysis and free fatty acid mobilization, etc.

These actions have been classified into two groups according to the rel-

ative potency ratio of catecholamines (36). Another classification is
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based on the response in the presence of blocking agents (55). Ahlquist
(36) is the first to use the terms "alpha" and "beta" receptors to dis-
tinguish these two types of responses. His classification is based on
the relative potency ratio of catecholamines. Alpha receptor mediates
the responses for which the relative potencies of the three most used

catecholamines are: epinephrine > norepinephrine > isoproterenol. Beta

receptor mediates responses for which the relative potencies are: iso-

proterenol > epinephrine S norepinephrine (55). It should be made clear

here that the term '"receptor" does not denote anatomical structure. It
denotes the reaction, similar to that occurs in enzyme-substrate complex,
which involves or initiates the actions of catecholamines. There are
also two groups of adrenergic receptor blocking agents. One of them
blocks only the alpha receptor and the other blocks only the beta re-
ceptor. The alpha blocking agents are phenoxybenzamine, phentolamine
and dihydroergotamine. The beta blocking agents are dihydrochloroiso-
proterenocl, propranolol, and pronethalol (55).

In a classic paper, Ahlquist (36) classified the inhibitory re-
sponse of the intestine to catecholamines as the alpha type. Recently
Ahlquist and Levy (37) and Furchgott (385 showed that both alpha and
beta adrenergic receptors are present in the small intestine. Rossum
(39), however, has reported that the intestinal effect of the sympatho-
mimetic drugs concerns only on the alpha receptor, although both recept-
ors may be present in the intestine. The present study indicates that
the mechanism in ileal muscle associated with changes in compliance is
of the alpha type while ileal movements resulting from stretching are

related to beta mechanism. This is suggested because the inhibitory
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effect of epinephrine on ileal compliance was blocked by phenoxybenza-
mine but not by propranolol and also because the effect of epinephrine
on ileal movements was blocked by propranolel but not by phenoxybenza-
mine. The dissociation of the effects of epinephrineﬂon stretch-induced
ileal movements from its effect on compliance may be explained by the
possibility that reflex ileal movements involve not only ileal smooth

muscle but also intrinsic neural plexuses.

The effect of phenoxybenzamine on ileal compliance and motility

was found to mimic that of epinephrine. It inhibited ileal motility and

increased compliance. 1t is, therefore, possible that the ileal smooth
muscle is relaxed to a maximum state by phenoxybenzamine such that no
further relaxation can be achieved with epinephrine. However, in some

experiments in which ileal motility was not inhibited by phenoxybenzamine,
epinephrine, in the presence of phenoxybenzamine, did inhibit ileal mo-
tility but did not increase compliance. The vascular effect of epine-
phrine was significantly altered By phenoxybenzamine. Although propr-
anolol increased ileal compliance, it did not alter motility nor block
the effect of epinephrine on the ileal compliance. It is possible that
the dosage of propranolol used was not enough to block the effect of

epinephrine on ileal compliance, even though it was sufficient to in-

fluence its effect on the vascular smooth muscle and on the reflex arc
which initiates ileal motility upon stretching the ileum.

Several papers in the literature purport to delineate the site
of aplha and beta receptofs in the small intestine. Kosterlitz and Watt
(40) suggested that in longitudinal muscle of the ileum, alpha receptors
are situated in the neurones innervating the longitudinal muscle and

beta receptors in the muscle itself. Wilson (41) also reported that
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beta receptors are present in the longitudinal smooth muscle. 1In the
circular muscle, the inhibitory action of epinephrine seems to be of the
alpha type and the receptor is said to be located at the post-ganglionic
neuro-effector junctions (42). It is also postulated that no beta re-
ceptor is present in the circular muscle since the inhibitory action of
epinephrine is not blocked by dichloroisoproterenol (42). McDougal and

West (43) reported that the inhibitory effect of epinephrine on the per-

istaltic reflex of longitudinal muscle in guinea pig ileum is of the

alpha type and the receptor may be located in the parasympathetic ganglia.

Visual inspection of the change in shape and size of the ileum
during the measurement of compliance indicates that both circular and
longitudinal muscles are stretched. However, if tﬁe alpha receptor is
present in only the circular muscle and the beta receptor in only the
longitudinal muscle, as suggested by others (40, 41, 42), and if the ef-
fect of epinephrine on ileal compliance is blocked by the alpha adren-
ergic blocking agent but not by the beta blocking agent, as shown by this
present study, then the ileal compliance of this study seems to reflect
mostly the contractile state of circular muscle.

Some other investigators, disregarding the presence of alpha and
beta receptor, suggest that the inhibitory effect of epinephrine is medi-
ated by the effect of epinephrine on the metabolic rate. This hypothesis
(44) 1implies that every observed response of smooth muscle to epinephrine
has to be regarded as the result of two opposing actions: the direct
action on the membrane permeability and the metabolic effect which leads
to a stabilization of the membrane potnetial. The intestinal smooth

muscle membrane i1s very unstable. Procedures which increase metabolic

rate, such as epinephrine or a rise of temperature, stabilize the mem-
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brane potential at a high resting value. Agents which inhibit metabolic
rate such as dinitrophenol and iodoacetate reverse or abolish the inhibi-
tory action of epinephrine. If this theory is true, the blocking effect
of phenoxybenzamine and propranolol may be also via metabolic pathways.

Effects of 1.V, Infusion of Epinephrine, Hemorrhage, and
Bilateral Carotid Artery Occlusion

Carotid sinus and aortic reflexes play an important role in the.
homeostatic regulation of arterial blood pressure by influencing the
activities of the autonomic nervous system and adrenal glands. The
present gstudy demonstrates that the same mechanism is also involved in
the regulation of intestinal motility and intestinal wall tension.
Hemorrhage, intravenous infusion of epinephrine, and in lesser degree,
bilateral carotid artery occlusion all increase ileal compliance and in-
hibit spontaneous ileal movements and the peristaltic reflex. The rela-
tively small increase in ileal compliance and vascular resistance pro-
duced by carotid occlusion may be due to an effective collateral blood
supply (mainly via vertebral arteries) to the carotid sinuses that is
usually present in dogs. Others have reported that a fall of pressure
in the carotid sinus produces a mesenteric vasoconstriction, gastric
atonia, and decrease in intestinal movement (45).

Reports concerning the effect of hemorrhage on small iatestinal

motility are contradictory. Necheles et al. (46) stated that while ileal

motility is not altered by hemorrhage, gastric and upper small intestinal
motility decrease and the colon motility increases. Other investigators
found a decrease in small intestinal (47) and duodenal (48) motility

when 20 - 30 % of the blood volume is removed. At a gystemic blood pres-

sure of approximately 40 mm Hg, the motility is completely abolished
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and upon reinfusion of the lost blood volume, the motility returns to the
control (47, 48). On the other hand, Van Liere et al. (49) reported that

hemorrhage (3 7 of body weight) produces an increase in propulsive force

of the small intestine. Thus, hemorrhage seems predominantly to stimu-
late parasympathetic system of the intestine, although in lesser degree
the sympathetic system may be also affected. This possibility was

further studied later by the same group of investigators by pretreating

dogs with cocaine, an epinephrine-potentiating agent, before hemorrhage

(50). In dogs so treated, hemorrhage causes a decrease in propulsive

force of the small intestine.

The sympathico-adrenal system is activated during the hemorrhage.
Epinephrine and norepinephrine can produce an intestinal vasoconstric-
tion and an inhibition of intestinal wall tension and motility. In
adrenalectomized dogs, hemorrhage produces no, or minimal reduction in
duodenal tension or peristalsis (48). It is not clear to what degree
the parasympathetic nervous system is involved in the respcnses of the
small intestine to hemorrhage (49). In addition to the autonomic ner-
vous system and adrenal glands, other endogenous agents, such as angio-
tensin, vasopressin, tissue hormones and metabolites may be released
locally or into the general circulation and may affect intestinal motil-

ity and vascular resistance during hemorrhage. Both angiotensin and
vasopressin are potent vasoconstrictors in the small intestine (3).

Angiotensin contracts isolated intestinal segment in vitro, but this
effect is not easy to detect in vivo (51). Intravenous injection of
vasopressin abolishes small intestinal movement in dogs (52). In man,
vasopressin causes an inhibition of the small intestine but a stimu-

lation of colon movement (53), a finding which is very similar to that
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found during hemorrhage in dogs (46). Thus, it is possible that there
are factors, in addition to the autonomic nervous system and circulating

catecholamines, which participate in the intestinal and vascular re-
sponses to hemorrhage.

A few preliminary experiments were done during the course of
this present study to test for the presence of agents other than catechol-
amines. In these experiments, hemorrhage was produced after pretreat-
ment with phenoxybenzamine. The effect of hemorrhage was studied on
either an innervated or completely denervated ileal preparation. While
vascular and ileal responses to locally infused epinephrine or norepi-
nephrine were blocked by phenoxybenzamine, hemorrhage induced increases
in compliance and resistance that were not blocked by either phenoxy-
benzamine or complete denervatioé of the segment. These preliminary
studies suggest that circulating substances other than catecholamines
may indeed be involved in the responses of intestinal and vascular smooth
muscles to hemorrhage.

One of the homeostatic responses to hemorrhage is mobilization
of blood volume from the splanchnié vascular bed into the systemic circu-
lation. During hemorrhage, the vascular resistance in this vascular bed
1s markedly raised and the splanchnic organs are underperfused. A de-
crease in intestinal wall tension, as shown in this study would passively
increase vessel caliber and thus improve the perfusion of intestine.

How effective this compensation operates during hemorrhage is not clear.

The observation of Selkurt et al. (54) seems to indicate that

pooling of blood in the mesenteric vascular bed can occur during a pro-

ionged hemorrhagic hypotension in dogs. This pooling of blood would de-

crease the systemic venous return, thus, further aggravate hypotension.



99

An increase in intestinal wall compliance during hemorrhage, as shown in
this present study might augment this pooling by increasing the caliber
of small veins. Since portal vein pressure is elevated during a pro-
longed hemorrhagic hypotension, capillary hydrostatic pressure would also
rise. An increase in compliance can cause a decrease in tissue pres-
sure. Thus, effective capillary filtration would increase, contributing
further to a loss of circulating blood volume. To some degree, this
pooling may be attenuated by an incregsed intestinal motility that often
results during underperfusion of the intestine. Obviously, the com-
pensatory responses to hypotension are complicated and in the intestine

the extravascular determinant of transmural pressure and fluid exchange

may be critically involved.

General Discussion

This study demonstrates that intestinal wall compliance and
motility can affect vascular resistance of the intestine in the fol-
lowing manner. Perfusion pressure and thus vascular resistance fluctu-
ates concurrently with ileal rhythmic contraction and peristalsis
(Figures 2, 7, and 18). When the intestine contracts the vascular re-
sistance rises; when the intestine relaxes the resistance falls. The
vascular resistance is also influenced by intestinal compliance. As
the intestine becomes more compliant, the vascular resistance falls
(Figure 3). Stretching the intestinal wall by %ncreasing the volume of
the segment increases local- vascular resistance; The degree of increment
in resistance is related to the wall tension then existing in the seg-

ment. When the intestine becomes more compliant, as the result of in-

fusing epinephrine etc., the stretch-induced incrment in vascular
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registance is less than the increment during the control stretching
(Figure 24). 1In contrast, the increment in vascular resistance is
greater than the control during the infusion of agents which decrease
compliance.

Concurrent measurements of intestinal vascular resistance and
intestinal wall compliance shows the qualitative and simultancous effects

of various stimuli on both the wvascular and visceral smooth muscle. A

contraction of the visceral muscle produces an increase in intestinal
wall tension which in turn decreases vascular transmural pressure and,
therefore, passively decreases the caliber of intramural vessels. 1If

the agent being tested has opposite effects on visceral and vascular
smooth muscle, its vasoactive potency may be underestimated because the
vascular effect is masked or attenuated by its visceral effect. All
agents tested except phenoxybenzamine, KCl and MgCly, have opposite
effects on visceral and vascular muscle. Direct vascular effects of epi-
nephrine, CaCly and serotonin are masked by their effects on the visceral
muscle to such a degree that these three agents do not alter significant-
ly the intestinal vascular resistance. Phenoxybenzamine, KCl, and
MgCl,y, affect visceral and vascular muscle in the same direction, their
vascular effects may be potentiated and vascactive potency over-esti-
mated.

The measurement of compliance 1is a more sensitive indicator of
the intestinal wall tension than is the estimation of wall tension from
absolute intraluminal pressure. This is shown by the fact that even
though the luminal pressure at zero balloon volume was not altered during
most experimental procedures the compliance usually was changed signifi-

canﬁly. For example, an infusion of CaCly did not lower luminal pressure
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at zero balloon volume but significantly increased compliance (Figure 14).

Qualitatively, the results of this study are in accord with those of

others who use different techniques to measure intestinal tension and
motility. This confirms the validity of the method used in this study.
The method further provides a way to study the effects of various stimuli
on spontaneous as well as reflex-induced intestinal movements. Some in-
vestigators regard either intestinal wall tension or motility as a reli-
able indicator of intestinal smooth muscle action. For example, from an
increase in intestinal motility, it is infered that wall ténsion is also

increased. 1Indeed, in this present study, when wall tension and motility

were affected by an experimental procedure, they usually responded in the

same direction. (Table 9). However, some experiments in this present

study show that these two parameters do not follow each other. The dis-
sociation of the responses of these two parameters have been observed
during the infusion of 0.18 mEq/min KC1l, during ischemia, and accasional-
ly during the infusion of 10 pug/min acetylcholine. The blocking actions
of phenoxybgnzamine and propranolol on the inhibitory effects of epineph-
rine on these two parameters were not effective on botﬁ parameters but
only on one of them.

Thus, from the above, it can be seen that the design of this
study has distinct advantages over previous attempts to investigate the
property of visceral and vascular smooth muscle in the intestine. These
advantages are: '(1) it is an in vivo approach, (2) a simultaneous
measurement of intestinal wall tension, intestinal motility, and vascular
resistance can be made, and (3) compliance is much more sensitive

measure of the level of intestinal wall tension than is intraluminal

pressure.



CHAPTER V
SUMMARY AND CONCLUSIONS

Blood flow through an organ is regulated by active and passive
changes in vascular caliber when the systemic arterial pressure and vis-
cosity are constant. While active changes in vessel caliber have been
widely studied, the passive changes have not been thoroughly investi-
gated. Since. the blood vessels of the intestinal wall are encased by
visceral smooth muscle that can impart both a continuous and a rhythmic
compression, passive changes in vascular caliber may be functionally
important in the regulation of blood flow through this organ.

This study was designed to elucidate the relationship of ileal
wall tension and ileal motility in the regulation of ileal vascular
caliber hence resistance. Ileal compliance and motility were measured
to clarify the response of ileal smooth muscle to various stimuli. Per-

fusion pressure at constant blood flow allowed the calculation of total

vascular resistance. The experiments included alteration of local blood

flow rate, local and systemic infusion of vasoactive agents, hemorrhage,

and bilateral carotid artery occlusion.

Ileal compliance and vascular resistance were measured simulta-

neously in a pump perfused, in gitu ileal segment of dogs before, during
and after various experimental procedures. Compliance was calculated

by dividing the changes in the ileal luminal volume by changes in the

102



103

ileal luminal pressure. The aortic and perfusion pressures were con-
stantly recorded.

An acute change in blood flow over the range 0.14 to 1.21 ml/
min/gm ileum did not alter compliance. Complete ischemia appeared to
increase ileal compliance and motility. While vascular resistance was
not altered by decreasing blood flow, it was decreased by increasing

flow to 1.21 ml/min/gm ileum. A reactive dilation after a period of no

flow was also observed.

Ileal compliance was increased by local infusion of epinephrine
(0.2 pg/min), CaCl, (0.12 mEq/min), MgCly (0.12 mEq/min), KC1l (0.07
mEq/min), phenoxybenzamine (0.3 mg/Kg in 10 min) andvpropranolol (30
ug/Kg in 10 min) (these dosages were sufficient to block the vascular
effect of epinephrine and isoproterenol). TIleal compliance was also in-
creased during intravenous infusion of epinephrine (12 pg/min), hemor-
rhage (20-25 % of calculated total blood volume), and bilateral carotid
artery occlusion. It was decreased by the local infusion of acetylcho-;
line (4 pg/min), bradykinin (0.1 ug/min), serotonin (2 pg/min), adeno-
sine (10 pg/min), and KCl (0.18 mEq/min). It was not altered during the
local infusion of ATP (10 pg/min) and KCl (0.02 mEq/min).

Ileal vascular resistance was increased during local infusion
of KC1 (0.18 mEq/min) or propranolol (30 pg/Kg in 10 min) and during
hemorrhage or carotid artery occlusion, but decreased during local infu-
sion of acetylcholine (4 pg/min), bradykinin (0.l pg/min), adenosine
(10 yg/min), ATP (10 ug/min), MgCly (0.12 mEq/min), phenoxybenzamine
(0.3 mg/Kg in 10 min) and KC1 (0.02 and 0.07 mEq/min). It was not
altered during i.a. (0.2 pyg/min) or i.v. (12 pg/min) infusion of

epineprhine, i.a. infusion of serotonin (2 yg/min) or i.a. infusion of
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CaCly (0.12 mEq/min). The lack of vascular effects of these three agents

appeared to be due to their effects on visceral muscle. Depending on
the ileal motility, a single injection of 0.5 ug epinephrine caused

either an increase or a decrease in vascular resistance.

These findings indicate that:

1) Intestinal vascular resistance and thus the blood flow
through this organ can be altered by passive changes in vessel caliber
subsequent to changes in intestinal wall tension and motility. An in-
crease in the intestinal wall tension or motility passively decreases
vessel caliber. A decrease in the intestinal wall tension or motility
increases vessel caliber.

2) Since the visceral smooth muscle is sensitive to various
chemical and nervous stimuli, as is the vascular smooth muscle, and since
the responses of these two types of muscle may be either in the same or
in the opposite direction to the same stimulus, the total effect of a

given stimulus on vascular resistance may be augmented or attenuated by

the response of the visceral smooth muscle.
3) Phenoxybenzamine, an alpha adrenergic blocking agent, blocks

the effect of epinephrine on compliance but does not block its inhibitory

effect on motility. Propranolol, a beta adrenergic blocking agent,

blocks the inhibitory effect of epinephrine on motility but does not

block its effect on compliance.

4) Intestinal compliance appears to be a more sensitive indi-

cator of intestinal wall tension than is luminal pressure. While an
agent which increases intestinal wall tension generally increases

motility, wall tension and motility do not always change in the same
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direction.

5) Intestinal wall tension and motility may functionally parti-
cipate in the regulation of the blood flow through intestine during

either physiological or pathological conditions, such as during hemor-

rhage.
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