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INTRODUCTION

The physiological iImportance of the interrelationship
betweer the actlvity of any living organ and its blood cir-
culation is well recognized. Since the early work of Claude

Bernard (1858) on the blood flow in the salivéry glands, and

the introduction of the stromuhr by Carl Ludwig (1856)’for
quantltative measurements of the blood flow and his methods
for perfusion of surviving organs, numerous investigations
have been carried out on the flow of blood in various organs,
both isoleted end intact. Such quantitative determinations
of the blood supply to the different tissues have demcnstrated
that the volume flow of blood varies widely according to thé
degree of aptivity‘of_the tissue and also from one organ to
another. The following table presents aﬁproximate values of
volume flow of blcod to several tissues angd emphaslzes the

marked difference between these values:

Minute Volume per 100 Grams Tissue

cc.

Posterlior extremlty 5 Tschuewsky
Skeletal muscles 12 "

Heart 16 Bohr and Henrique
Head = 20 "

Stomach o ‘ 21 Burton-Opitz
Liver (arterial) 25 "

Portal organs (combinea) 30 "
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Minute Volume per 100 Grams Tissue (Cont.)

cc.

INTESTINE 31 Burton-Opitz
Spleen 58 "

Liver (venous) 59 "
Pancreas 80 "

Liver (total) 84 "

Brein 136 Jensen
Kidney ¢ 150 Burton-0Opitz
Suprarenal 490 : "
Thyroiad 560 Tschuewsky
Thyroid 555 - Knowlton, Dooley and

Curtiss

In the above table, it is noteworthy that the small

intestine receives about twice as much blood per 100 grems
tissue as the heart and nearly 2 1/2 timés as much as
skeletal muscies.

It is of interest, however, that while the llterature
contains & great volume of informatlion regarding the reletion-
ship betweén the intestinal and the systemlc circulation, |
there has been nb direct experimental investigation of the
interrelationshlip between the motility of the small intestine
and 1ts intrinsic circulation except for the limited early

work of Mall (1896) and more recently that of Anrep (1934).

The inherent power of the intestinsal musculature’to contract

spontaneously, tbgether witb thq’peculiar anatomical relation-

ship between'the different layers of the intestinal wall and
1ts vascular bed, point to the possibility of the existence
of = distinct and a basically important funbtionai relation-
ship between the motor actlvity of thils organ and_the.move-

ment of blood through its walls. Furthermore, because of
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the fact that the intestinal smooth muscles are pecullarly
sensitive to mechanical stimulation, sudden alteratlons in
the blood pressure may induce changes in the actlvity of
this tlssue.

In view of the pasuclty of the exlsting data regarding
these aspects further experimental evidence from direct blood
flow measurements through the intestine 1s called for. To
supply such data the experiments presented in this study,

were undertaken. The great majority of these experiments

were performéd on isolated loops of dog's small intestine
perfused with heparinized dog's blood; In addlition a few ex-
periments were performed on the gut in situ with the nerve
supply intact. The general outline followed in this study
Including the methods employed and the order in which thé
experimental data and thelr Ilnterpretation are presented,

are as follows:

SECTION I
METHODS .
SECTION II

INTERRELATIONSHIP BETWEEN INTESTINAL MOTILITY AND INTESTINAL
CIRCULATIOKN.

I Effect of Intestinal Motility on Intestinal Blood

Flow

1) Individual rhythmic contractions and blood
: flow , ‘

2) Tonic:contfactlons and blood flow

3) General motor activity and blood flow
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II Effect of Alterations in Blocod Pressure on Intestinal
Motility

1) Arterial pressure changes
2) Venous pressure changes
3) Arterial and venous occlusions

III Vascular Reactions to Alterations in Ferfusion
Pressure

IV Influence of Pulsatile Perfusion Pressure on Blood
Flow and on Intestinel Motility Activity

' Influence of Alterations in Intrslumenary Pressure
on Blood Flow and on Intestinal Motor Activity

SECTION III

INFLUENCE O CARBON DIOXIDE, LOW OXYGEN AND ACETYLCHOLINE
OK INTESTINAL MOTILITY AND BLOOD FLOW.

I Effect of Changes in Carbon Dioxide Tension in
Arterial Blood

I1 Effect of Low Oxygen Tension in Arterlial Blood
IITI Effect of Acetylcholine




SECTION I

METHODS
In the various expéfiments called for in the program
outlined above, the venous outflow, arterlal inflow, intestinal
motility, Intestinesl volume, venous and arterial pressures
were continucusly recorded on the kymograph. The methods

employed for these different reccrdings were as follows:

I RECORDING CF BLOOD FLOW

1) Venous QOutflow

Two methods were used for measurement of the venous

outflow: (a) drop method by displacement end (b) the thermo-
pile method.

(a) Drop Method El'Displacement: In this method the outflow

of venous blood from the tissue 1s collected in thin-walled
rubber balloon reservoirs B, fig. 1, previously emptled of

all ailr and supported as shown, in an appropfiate container

A, filled with water to the exclusion of all air. The flow
of blood into these balldoﬁs displaces an equal volume of
water from themgontainer which in turn displaces an qual

volume of concentraeted salt solution from bottle C. This

displaced salt solution is led through a metal oriflce D

from which 1t drops on a platinum contact and serves_to'close
the primary circult of the relay R by means of which a signal
v . .
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magnet S is activated to record each drop on the kymograph.

DROP METHOD BY DISPLACEMENT
(BLOOD OUTFLOW RECORDING)

Figure 1. Schematic representations of the apparatus used _
for recording the venous outflow by the drop method of
displacement. A contaliner; B thin rubber balloon
reservoir for receiving venous blood; C bottle con-
taining concentrated salt solution; D drop recorder;

R relay; S signal magnet. Arrows point to the directlon

of the flow of blood, water and concentrated salt
solution.

This method pro&ed entirely satlisfactory andAoffered
an accurate means for quantitative measdrement of the venous
outflow of blood. Furthefmore, with all air caréfully ex-
clﬁded from the system, the time leg 1s negligible. The
balloon reservoirs serve to collectvthe Qenous blood flowing

from tﬁe'tissue for further use 1if needed.

(b) Thermopile Method: This method is essentlally the same

ss that origlnally described by Gesell and Bronk (1926) but

in which various changes have vbeen made to adapt 1t for the




”
experimental purposes and to 1lmprove 1ts sensltivity. In this
method & thermopile modified after Wilson and Epps (1920)
is employed.

The operatlon of this apparatus 1s, in principle, &s
follows: The blood, the flow of which is to be determined,
is led through a tube of high thermo-conductivity (silver)
enclosed in & water jacket of low thermo-conductlivity (lucite)
through which a steady flow of water of éonstant temperature

is meintained. The inflow water to thls jacket passes over

MECHANICAL (PRESSURE)

RECORDER
r THERMOPILE
y 5
INFLOW DROP RECDRDER
m | |
Figure 2. Diagramatic representations of the three methods

of blood inflow recording. I thermoplile unlt; IT
mechanical pressure recorder consisting of C central
chamber, I inlet tube and O outlet tube; III inflow drop
recorder. Graphlc record in upper right corner shows
pressure veriations consequent upon changling rate of
outflow from central chamber of mechanical pressure
recorder as recorded by membrane tambour; numbers refer
to simultaneous changes of outflow and pressure.
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the cold junctions of the thermopile (I, fig. 2) then into
the water jacket where 1% is warmed by the flowing blood and
then passes over the warm junctions and out througn a narrow
pinhole orifice (not shown in figure). An lncrease of the
blood flow raises the teméerature of the jscket water, thus
increasing the temperature difference between the cold and
warm junctions of the thermopile with the resultant increase

in electrical potentials which are continuously recorded by a

potentiométer.

(The details of construction of this thermopile and the
conditlons which must be met to insure reliable functioning

of the method are described in the footnote.)

%#I. Construction of Thermoplle :
The two metals used in the thermopile unit as thermo-
couples are advance wire No. 40 and the same metal plated
with silver. The number of turns used were 120 and 160 (120
and 160 metal junctions). The sensitlvity of these thermo-
plles proved very satisfactory for the experimental purpose,
and the lag varled from 2-4 seconds.

The procedure for the plating and advance wire was

that adopted by Gesell and Bronk (1926). The advance wire No.
40 is wound on a rectangular piece of formica 2 mm. thick,
22 mm. wide and 37 mm. long. The wire is then cleaned thorough-
1y with alcohol and distilled water and its resistance is _
determined. On one side of the turns the wire is covered with
paraffin, except for a trough in which 2ll half turns are
exposed for a stretch of about 1/3 inch. The paraffin covered
half turns include also the part of wire on one-half of the
thickness of the formica strip. '

The plasting solution used has the following com=-

position:
AgCN - 22.5 grams
NaCN 26 grams
NH,Cl 3.7 grams

Water 500 CCe.



9
In the early experiments of the present study, in which
this method was employed, the potential changes were contin-
uousiy recorded on the kymograph by manual operation of a
type-K (Leeds and Northrop) potentiometer. Although this method
was satisfactory for recording slow changes of the blood

flow, it was not sufficlently rapid for accurately following

For plating, the half turns covered wlth paraffin
are used as cathode, a rectangular plate of silver being used
as the anode. To insure electrical connection of all the
half turns, the paraffin "trough" 1is filled with mercury,
thus eliminating potential drop. The surface of the plating
solution is arranged so that only the half turns not covered
with paraffin are immersed in the solutlon.

The current used for plating is 3-4 milli-amperes
to insure smooth plating (stronger currents cause deposition
of granulated silver). The total quantity of electriclity to
be used 1s calculated on the basis thet a layer of silver of

minimum 1/3 of the dlemeter of advance wire 1s deposited on
the half turns.

The following is a sample calculatlon (Gesell and
Bronk, 1926).

Thermopile: 160 turns (No.. 40 Advance wire)
diameter of wire = 0.079 mm.

cross sectional area of wire ,

0.03052 x 3é1416
length plated

nuwhn

160 x 23
3680 mm.
minimum cross sectional zrea of silver coatlng
: area

0.00162 mm.?
0.0000162 cm.=
quantity of silver to be deposited
' ‘ = 3680 x 0,0000162 x 10 5

_ = 0.062596 grams
1Coulombs required for latlng.

. ' = 0.0625%6
0.001118

=56,01 or 4 amps. for about 4 hours
Resistance before platlng :
S ohms

Resistance ‘after platin
A = 4 2.5 ohms

hH
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the more rapid changas of blood flow during individual
rhythmic contractions. Thls method was, therefore, replaced
by a G.E. photoelectric potentiometric recorder which was

adapted to record continuously on smoked paper (fig. 4).

The half plated wire is then mounted into a speclal frame shown
in fig. 2.

The significance of using a silver tube for the flow
of blood is that silver has greater conductivity than other
usable metals or glass.

IT. Conditlons necessary for proper functioning of
thermopile: 1) constant rate and 2) temperature of water
delivered to thermopile unit.

1) To insure a constant rate of delivery of water
to the thermopile, two factors should be taken 1Into consider-
ation. The first i1s the malntenance of a uniform and constant
head of pressure and this is insured by using a big Mariotte
bottle (40 litres capacity). The second factor is the maln-
tenance of a constant resistance to the flow; this is controlled
by properly adjusting the outflow orifice. If the latter 1is
made so small ’n comparison with the rest of the water system,
the main resistance will be offered by this outflow orifice,
which 1s of course constant. Precautions should be taken to
keep the outflow orifice (usually about = fraction of a mm.
in diameter) free of any dirt which may actually hamper the
flow of water or even stop it. For this reason the entire
water system should be thoroughly clean and distllled water
used. Under such conditions & constant flow of water can be
maintained for long periocds of time.

2) To insure a constant temperature of the water,
the following precautlons are necessary:
: a,. Equilibrating the dlstilled water to room
temperature so as to keep the gradlent between the water
temperature and the exterior at a minimum with minor fluctua-
tions in room temperature. For this, the reservolr bottle

should be filled with distilled water at least 24 hours prior
to its use.

b. The water reservolr should be of a large
capacity to minimize temperature fluctuations.
. Co Thorough insuletion of reservoir and tubing

system to prbvide protection against rapid changes in temper-
ature. :
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2) Arterial Inflow

For the measurement of the erterial inflow the thermdplle
method described above for the outflow was employed.

As & second method for continuous recording of the varia-
tlons of arteriel 1Inflow a mechanical pressure recorder was
devised (II, fig. 2). This apparatus consi;ts of a central
chamber C with inflow and outflow tubes as indicated I and G,
the inlet orifice belng of distinctly smaller diameter than
that of the outlet, but not so small as to interfere with
the free flow of blood into the artery. The principle upbn
which this apparatus fuhctions 1s dependent upon this difference
of the inflow and outflow orifices. Thus, with a constant |
flow of blood into the artery a state of pressure equilibrium
will be estaeblished 1n the central chamber. However, with
any sudden acceleration of the arterial Inflow, the outflow

from the chamber will increase momentarily above the chamber

inflow; the resultant momentary decrease of the chamber pressure

1s recorded with a sensitive tambour (fig. 2). With a

suddén diminution of the inflow into the artery, the reverse

occurs, i.e.'the-prqssufe in thé 6hamber will increase

momentarily. Similarly if there occurs & regurgitation of

blood from the artery this will increase the chamber pressure.
This device served, then, as an accurate indicator of the

mbvemeht and the dlrection of the blood flow change in the

artery. Its proper functioning is dependenp upon thé'sudden-V

ness of the arterial inflow change; gradual changes will not
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be satisfactorily recorded by this method, since 1in thls case
the pressure change in the central chamber will be less pro-
nounced. Further, to obtain best results the central chamber
and the greater part of the tubing connected to the tambour
should be filled with blood.

This method served also as an excellent check on the:
time relations between ohe'intestinal contractions and the
blood inflow changes recorded by the thermopile method.

A third method which was used for recording the arterial
Inflow 1s a modification of the above apparatus snd provides
a quantitative measurement of the inflow by drops. Tfor this
purpose the apparatus (III, fig. 2) is constructed with the
cenitral chamber a l1ittle longer than that used in the previoue
method, and the inlet and outlet orifices are of equal dia-
meter. Instead of extending the inlet tube to the bottom

of the chamber, an alr space is left through which the blood

falls in drops. As originelly planned, this was to have been
used as an electric drop,recorder, eaoh drop closing a'relay
circult activatingra.signal-magnet'at‘the kymograpb. In the
. few experiments in'whioh this method was . employed, however,
the drops were signaled manually by a signal magnet.
II RECORDING OF INTESTINAL CONTRACTIONS

Intestinal contractions were recorded by tambours con-
:nected at each-end‘of ﬁne.intestinai loop (fig. 3). In a
few.oases,'however, contractions from cne end only were re-

corded. This'meﬁhod was found preferable to the use of 
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distended balloons introduced into the intestinal lumen.
The intestinal loop 1s cannulated at both ends with
short wlde glass cannulae which sre connected to vertical
tubes 1 and 1' of a speclal air and water tight contalner
(fig. 3). These.vertlcal tubes are directly connected to

the recording tembours 6 and 10, as shown in the diagram.

\BLOOD 12

»CONTAINER

INTESTINAL LOOP

%

0 N | oy

Figure 3. Diagramatic representation of apparatus used for
recording intestinal contractions, intestinal volume,
intralumenary pressure and arterial and venous pressure.
1 and 1' vertiekl tubes to which the intestinal loop is

- connected; 2 and 3 inflow and outflow tubes of blood;
4 Hg manometer for intralumenary pressure recording;
5 intralumenary pressure bottle containing Tyrode's
solution; 6 and 10 tambours for recording intestinal

_contractions; 8 and ¢ tambours for recording venous
pressure and intestinal volume changes; 11 and 12 Hg
manometers for venous and arterial pressure; 13 lead
base attached to container to keep-1t submerged in .
water baths (not shown in figure). ' T ,
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Both the vertical tubes and the intestinal loop are filled
with Tyrode's solution while the connecting tubes and the
recording tamﬁours are filled with air; the intralumenary
pressure wlll, therefore, be equal to the column of fluld
{n the verticael tubes and can be gegulated by raising 6r
lowering the leveling bottle 6)fiiled with Tyrode's solution.
The intralumensary preésure 1s recorded by a mercury manometer
(4). | N

The container, with the suspended intestinal loop, 13‘ ~
partially filled with oxyéenated Tyrode'!s solution so as to
cover only the dependent part of the tissue which 1is slightly‘
touching the bottom. In this way any'possibility of buoyancy
of the loop which might result in kinking of the blood vessels
or 1ntestinél lumen 1is avoideq. Tﬁbés 3 and 2 passing through
the top of the containér serve for the ihflow and outflow of

perfusion blood respectively. In order to keep the container

which consists simply of a large glass jar submerged in the
temperéture constant (37-380 C.) water bath (fig. 4) a heavy
lead base is attached to the jar; the water-tightness of the
container prevents any.cohtamination bf the Tyrode's éolutlon
inslde by water froh the bath. In}some experiments changes
in the intestinzl volume were recorded by means of a sensitive
tambour (9 ) connected to tube (7) of the container (fig. 3).
Because of 1its simplicity and the absence of any‘possible
interferencé with the continuity of the intestinal loop br

with the patency of the blood vessels, this method was used
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throughout this experimental study. In those experiments
which were performed on the gut in situ with its nerves 1intact,
the loop was perfused without its removal from the eabdominal
cavity.
III PERFUSION METHODS

Two methods were used for perfusion: (a) a direct and
(b) a displacement met hod.
(a) Direct Method

This method was uéed'in the earlier experiments in which
perfusioﬁ was limited to normal blood. The aspparatus consists
of a thermally insulated Mariotte bottle (one liter capaclty)
which serves as the arterlal blood reservolr. Thils 1s connected
to a coll of glass tubing immersed in the constant temperature
water bath. The height of the Marlotte bottle determines the
perfusion pressure which can be altered by raising or lowering
this bottle. Undue loss of gases from the perfusidn blood

is prevented by means of s thin supernatant layer of mineral
oll.

(b) Displacement Method

This method as shown diagramastically in fig. 4, was used
in the majority of experiments. Aside from the fact that it

elinminates any possible undue alterations of gaseous content

of the blocd, i1t furnishes a satisfactory means of maintaining
& constant (identical) head of pressure on shifting from one

blood to'énothér, e.g. from normal blood to that with a low

content of oxygen.
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The blood reservoirs B consist of thin-walled rubber
balloons suspended from glass tubes passing through the
stoppers of the alr-tight reservolr containers (2) which are
completely filled with water (fig. 4). The blood reservoirs
are filled with the desired blood to the exclusion of all
alr, extreme care being exerclsed not to distend them in the
least degree. The reservoir contelners are connected to the
Mariotte bottle and submerged into the constant temperature
water bath. In this system, water from the Mariotte bottle
displaces blood froﬁ the reservoirs, pushing it at the main-
tained preésure head through the cannulated artery into the
tissue.

In the experiments where the inflow mechanical pressure
recording device 13 used, this is submerged in the water -
bath as shown in fig. 4 (3). V¥hen the thermopile method is
used every precaution i1s taken to insulate the thermopile
vessels and the flow tubes with cotton wool.

In order to apply pulsatile pressure to the perfusion

blood, & slmple valveless piston pump, with modifiable stroke

and rate, 1s connected by a T-tube to the outflow line from
the pressure (Mariotte) bottle. |

-Arterial (perfusion) pressure is continuously recorded
by & mercury manometer connected by a T-tube to the perfusion
system as shown in figures 3 and 4. The venous pressure was
‘also reéordéd in some experiments elther by a membrane tam-

bour calibrated in mm. of mercury or by a mercury manometer,
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PHOTOELECTRIC-RECORDER

Figure 4. Diagramatic representation of complete perfusion
apparatus. 1 Marriotte bottle for perfuslon pressure;
2 container with arterial blood reservoirs (B); 3
mechanlcal pressure recorder connected in circuit only
for special cases; 4 arterial thermopile unit; 5 loop
contalner; 6 venous thermopile unit; 7 venous blood
reservoir; 8 bottle with concentrated salt solutlon; 9
drop recorder; 10 bottle for intralumenary pressure :
regulation; 1l and 14 tambours for recording intestinal
contractions; 12 and 13 tambours for recording intestinal
volume and venous pressure respectively; 15, 16 and 17

- Hg manometers for venous, arterial and intralumenary
pressures; 18 electric stirrer; 19 electric heating
element; 20 thermostat unit. ' Diagramatic representation

of G.E. photoelectric-recorder shown in upper left
corner. '

Orbboth; the first method has the advantage of belng sengitive
to small variations in the venous pressure. In both sptems the
tubes from the tissue to the manometer are filled with physlo-

logical salt solution (saline) to the exclusion of gll alr.
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Iv COLLECTION AND EQUILIBRATION OF PERFUSION BLOOD

In all experiments the intestinal loops were perfused
with heparinized dog's blood withdrawn from the eanimal
immedlately preceding the removal of the intestinal loop;
however, in some cases additional amounts of blood wefe
obtained from donor dogs.

The experimental animals, 12-15 kilos in body weight,
were snesthetized with sodium pentothal (dministered intra-
venously. Usually about 8-12 cc. of 8 4% solutlon of the drug
in séline, administered slowly, sufficed to adequately anes-
thetize the animal to'prepare it for operation; additional
amounts were. administered throughout operestlive procedure 1if
necessary. This anesthetic was preferred to urethane and
morphine and other drugs because 1t proved to have no pro;
nounced effect on the imtestinal motillity and also because
its anesthetizlng effect 1s of a short duration.

The anesthetized animal was repeatedly hemorrhaged from

the carotid or the femoral artery then reinjected with.eqﬁal
velumes of 5% glucose-sal ine SOiution. In this way 600 to
800 cc. of diluted blood were obtalned. | |

The pooled diluted n@parlnized blood waes then divided
into portions which were equillbrated with the desired gas
mixtures, previously prepared inflarge‘pressure tanks and
then analyzed by a2 Haldane-Henderson gas analyzer to determine
4accurately their percentage composition.

The blood was thoroughlyvequllibratedvin tonometers of

H
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large volume continuously and slowly rotated in a constant
temperature bath (380 C.) by a motor for at least 20 minutes,
during which time frequent renewal of the gas mixpures 1in
the tonometers was made.
Vv OPERATIVE PROCEDURE

While the blood was being equllibrated as described
gbove, the loop of intestine was selected end 1soclated with
its mesenteric blood vessels with the animal st1ll under
anesthesié. The operative steps taken towards the isolation
of the loop were as follows:
a) The trachea was cannulated in order to avold the aspliration
of regurgitated fluids into the bronchial system.
b) An incision 5 inches long was made in the abdomen along
the linea alba and the various layers of the sbdominal wall
reflected. The edges of the incision and the external sur-
facé of the agdomen were covered with gauze whicﬂ was kept
moistened with warm Tyrode's to prevent drying, cooling and

unnecessary contamination of the loop during 1ts isolation.

The omentum was then reflected and the small intestline gently

inspected for the selection of an appropriate 1oop,-about

5 inches long, from the upper third of the jejunum (about

1 foot below the duodenum). Only loops ﬁith distinct blood
supply, 1i.e. slngle artery of supply and'single dralining
vein were}chosen. The selected loop was carefully withdraﬁn

from the abdomingl cavity while the rest of the viscera
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were kept within. The loop was heavily wrapped in gauze %
continuously moistened with warm Tyrode's solutlon.

All the mesenteric attachments of the selected loop to
the adjacent segments were tied off with double ligatures
to avoid any undue hemorrhage and then carefully cut between
these llgestures. The artery and veln supplylng the loop were
carefully dissected from the surrounding tissue for a length
of about 1/2 inch, and each vessel ligated and cannulated
with small cannula previously fllled with a dilute Solution

of heparin; extreme care was taken to avold Introduction of

any air Into the artery. Thfoughout this procedure the loop
was supplied by blood through the anastomosis with adjacent
segments. Before the final isolation of the locop, the blood
which was by thls time thoroughly equilibrated, was trans-
ferred to the respective reservoirs and arrangements made
for prompt perfusion.

Final isolation of the loop was accomplished by double
ligation of the mt and sectioning. Each end of the loop
was cannulated with a large glass tube. in this procedure
of isolétion the tissue wés deprived of its blood Supply for

not more than 3 minutes and the lsolated loop with 1its

cannulated blood vessels was then quickly transferred to

the container and its lumen flushed. The intestinal vessels
were then connected with the perfusion system and perfuslion

begun promptly. V(The complete connections for the perfuslion

system are shown in fig. 4.)



SECTION II
INTERRELA TIONSHIP BETWEEN INTESTINAL MOTILITY AND

INTESTINAL CIRCULATION

I EFFECT OF INTESTINAL MOTILITY ON INTESTINAL BLOOD FLOW
The question as to how muscular contraction affects the

flow of blood through the muscle tissue, has attracted the

attention of physio%ogists as far back-as a ceﬁtury ago. Thué,
Ludwig and Schmidt (1868), Sadler (1869),‘Bﬁnton—Opitz_(lQOS),
and more recently Rein (1930), Anrep (1934), and others have
investigated the relationship between muscular contraction

and blood flow in cardiec and skeletal muscle. In contrast

to this, there has been no systematic study of the influence
of smooth muscle contraction (in small intestine) on the
blood flow through this tissue except for the few experiments
by Mall (1886) and Anrep (1934).

In our study we have investigatédvsome 6f the fﬁndaméntal
relationshlps between the contraction of the intestinal smooth
musculature and the flow of blood in the intestinal wall by
means of the perfusion me thods describgd above, For purposes
of convenience these experiments together with the results

‘derived therefore are presented under three groups:

1) Relation between individual rhythmic contractions and
‘blood flow.

21
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2) Relatlon between tonic contractions and blood flow.
I
3) Relatlion between gerneral motor activity of the intestine ’

and blood flow.

1) Individual rhythmic contractions and blood flow:
An examinstion of the records, especlially those obtained dur ing

the early parts of the experiments reveals that with the
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Figure 5. Illustrating relationship between rhythmic con-
tractions and venous outflow. Perfusion of 'the loop
carried out under constant A, and pulsatile pressure B.
Tracings from above downward: tdme in minutes; venous
outflow drops; venous outflow plotted in drops per
minute; INT. intestinal contractions; A. PRES. arterial
pressure (70 mm. Hg in both A and B); Zero line for
~arterial pressure in B. Simultaneous ordlnates,mgrked
by X.-
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1§st1tution of rhythmic sctivity of the intestinal loop the
venous outflow became distinctly intermittent. This inter-
mittence of the outflow was found to be definitely related
to the rhythmic contractions as shown in fig. 5 in which the
outflow was recorded by the dfop met hod. In part A of this
figure the intermittent pattern of the outflow conslsted of
periodic augmentations durlng the contraction phases alter-
nating with perlods of complete outflow arrest during re-
laxation. As can be seen in this figure, such intermlttanée
of the outflow gradually ‘gave place to a steady form of

éropping as the rhythmlc contractions ol the loop gradually

- diminished in strength. Further, 1t 1s to be observed that
“the mean outflow (plotted curve) diminished gradually with
the decrease of motor activity. Similar resulﬁs are'shown
in part B of this figure, where'perfuslon was carried out
under pulsatile pressure. _

Yor further illustration}of the timé‘reiatiqnships between
the outflow and the 1ntéstinal rhytimic coqtractions; a
simllar record was obtained on a faéter moving drum, f;g. 6.
‘In this figure the mccurate time relations of the‘outflow

changes and the rhythmic contractions are breught out by

superimposing the outflow drops directiy on the contraction
curve. It is thus clearly demonstrated‘that the augmenta-
‘tion of the outflow occurs during the contractile phase and
‘ may extend into the early part of relaxation,'i.e. while

the muscle 1s st1l1ll in a state of partial contraction. An-

"
e
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equally important observation In this figure 1s that the
venous pressure curve shows undulations, the rising phases of
which colncide with the intestinal contractile phases and the
periods of augmented venous outflow. FSuch venous pressure
waves are also shown 1In fig. 17 which demonstrates that they
are colncldent with the rhythmic contractions and disappear
during decreased activity of the loop. The magnltude of
these venous pressure changes varied ffom 6-12 mm.vof_water

according to the amplitude of gut contractlons.

T/MELSEC,

Flgure 6. Illustratinp lationship between rhythmic con-
tractlions and venous outflow (on a fast drum) .

Tracings from above downward: time in seconds; venous
outflow draps; U. END intestinal contractlions from
upper end of loop; V.P. venous pressure changes by tam-
“bour; A.P. arterial pressure, L. END intestinal contrac-
tions from lower end of loop; zero line for arterial
pressure. Simultaneous ordinates marked by X.

- Venous ocutflow (drops) superimposed dlrectly on con=-
- tractlon curves. '
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Figure 7. Illustrates relationship between intestinal
rhythmic contractions and venous outflow. Tracings from
above downward: inflow by thermoplile; outflow by thermo-
pile; A.PR. arterial pressure (90 mm. Hg); INTEST.
tntestinal contractions; zero line; outflow drops; and
time in minutes. Numerals refer to simultaneous changes
in arterial inflow, venous outflow and intestlinal con-

tractions. Simultaneous polnts marked by X. Lag of
thermopile 3 sec. .

'In addition to the drop method the thermoplle was also

employed to record the outflow, whereby a contihuous recording

of the outflow changes was obtained as shown in fig. 7.
Here, where both the inflow and outflow were recorded, the
tracing of the outflow exhibited waves, the rising phases

of which (increased flow) colnclided exactly with the
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rhythmic contraction phases of the loop. This relatlonshilp
has been i1illustrated further by indlicating simultaneous chénges
in a portion of the recerd with identical numbers. It is
also noted that.the magnitude of the outflow changes increased
wlith the increase in the strength of the contractions, e.g. the
flow change simultaneous with contraction #6 was much greater
than that simultaneous with the weakeg contraction #l. The
flgure also shows that the same outflow-contraction rélatlonship
obtains under bbth constant énd pulsatile perfusion pressure.

The dafa thus far indicate that dﬁring each individual
rhythmic contradtlon the outflow is increased,ahd during

relaxatlon it is decreased.

Our experimental results also demonstrate that there

is a characteristic relationship between the rhythmic con-
traction and the arterial inflbw. Such relatlionship is
clearly shown in figures 7 and 8. In the latter figure,
the ;nflcw was recorded by the mechanical pressure recorder
(curve A where the upstroke indicates =a decreased inflow),
and also by the.thermopile (curve B where the.downstroke
1nd1catés a decreased gnflow). Each of these curves (A and
B)}shﬁws distinctly ﬁhat_thé arterial inflow decreased'during
the individual contraction pheases of tﬁe intestinal loop
wher%as the outflow, recorded by drops, increased. This

relationship has, as in fig. 7, been 11lustrated further

by the use of identical numbers designating simultaneous

changes. Two significant features can also be seen by close
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Figure 8. Illustrates rel ationship between intestinal
rhythmic contractions, arterial inflow and venous out-
flow. Tracings from above downward: A arterial inflow
as recorded by mechanical pressure recorder (upstroke
indicates decrease); B arterial inflow by thermopile
(upstfoke~indicatesvan increase); intestinal contrac-
tions from upper and lower ends of the loop; A.PR.
arterial pressure; 2.L. zero line; outflow deops; and’
time per minutes. Numerals refer to simultaneous changes
in arterial inflow, venous outflow and intestinal con-

tractions. Simultaneous ordinates marked by X. Thermo-
pile lag 3 seconds. . - -

examination of this record (fig. 8), namely: (1) the inflow -

tracing (A) of the mechanical presshre recordervexhibited

asymmetrical upstrokes and downstrokes (waves 4, 5, 8 and
7), the former being markedly the steeper, and (2) the arter-
1al pressure tracing showed distinct waves corresponding to

the rhythmic contractions. Both of these observations point
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to the possibllity of the occurence of an arterlal re-
curglitation during the contractlon phases.

The same relationship between the intestinal rhytnmlec
contractions and the blood inflow and outflow is further
illustrated on a more rapldly moving drum as shown in fig. 9;
for convenlence of comparison, the outflow drops have been
plotted in a portion of the record and all the simultaneous

changes numbered to clarify such relationship. In this

CUTFLOW

~

o ao

Figure 9. Illustrates relationship between intestinal rhythmic
contractions, arterial inflow and venous out flow, on a
fast-moving drum. Tracings from above downward: arter-
iel inflow by tre rmoplle; intestinal contractlons from
upper end of loop; schematic representation of tonlc:

' changes; A.P. arterial pressure (67 mm. Hg); intestinal
contractions from lower end of loop; Z.L. zero line;
venous outflow in drops; time in 10 sec. intervals;
numerals refer to simultaneous changes 1in erterial in-
flow, venous outflow and intestinal contractions. Ther-
mopile lsg 3 1/2 secs. : S ' ' ‘




29
figure, in which simultaneous polnts are also indicated by
s broken line, it 1s seen that while the rhythmic contractlon

phase decreased the inflow, 1t increased the outflow.

(2) Tonic Contractions and Blood Flow:

The experimental results concerning the relationshilp

between the Lntestinal tonic contractions and blood flow

are divided into: a) effect of tonic contractions on the

blood flow, and b) after-effect of tonlc contractions.

a) Effect of tonic contractions on the blood flow: The

predominant effect of tonic contractions, especially when

strong and relatively sustalned, was to diminish both the

venous outflow and the arterisl inflow. This is i{llustrated

in fig. 10, in which each of the tonlc contractions shown
INFLOW
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Figure 10. Illustrates relationship between tonic contractions
and intestinal blood flow. Tracings from above downward:
s . sarterial inflow and venous outflow recorded by thermopile;
: ‘ U.E. intestinal contractions from upper end of loop; '
' - A.P. arterial pressure; L.E. intestinal contractions from
lower end of loop; Z.L. zero line; venous outflow drops;
time in minutes. Simultaneous ordinates marked by X.

-
“
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caused a well pronounced drop in the blood flow followed by
a gradual retum to the normal 1eve} upon the gradual decline
of tonus. It 1s also noteworthy that strong tonic contractions
induced by acetylcholline affect the blood flow in a manner
similar to thast of the spontaneous tonic contractions des-
eribed above. Thus, in fig. 59 strong tonic contractions
resulting from intra-arterial injections of acetylcholine
caused a marked reductién in both the arterial inflow and
venous outflow in spite df-the vasodilator action of this
drug (cf.). | "

While the preceding description represents the most common
finding, particularly in the case of the arterial inflow,
there occasional ly occurred certain variations in the efféct
of toniec contractions on the venous outflow. Thus, in fig.

11 the sudden institution of the tonic contraction caused

a sharp increase in the outflow and a simultaneous decrease
in the inflow, both of which changes attained the maximal
and minimal values respectively at the point 6f highest |
tonus. Upon t he onset of decline of the tonic state the
outflow dimlinished, first abruptly,.then_more gradually;
the inflow, on the other hand, increased rapidly to attain
& supra-normal value at the end of the tonic relaxation
then gradudlly returned to normal. It is of interest to
note, in this figure, éhat the changes in both the inflow

and outflow during the ﬁonic contractions resemble greatly

thoée induced by each individual rhythmlc contractlon phase
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Flgure 11l. Illustrates relationship between intestinal tonic
contractions, arterial inflow and venous outflow. Tracints
from above downward: arterial inflow by thermopile;
venous outflow by thermopile; intestinal contractions
from upper, and lower ends of loop; A.FR. arterial
pressure (75 mm. Hg); Z.L. zero line; venous outflow

drop; time in minutes. Simultaneous ordinates marked
by X.

described above (figs. 8 and 9). This resemblance polnts
to a common factor reSponsib;e for flow changes induced by
the bwo'typés of contraction.

Figure l2 éhbws énother effect of the tonic contraction
on the venous outflow (inflow was not recorded) similar to
that seen in fig. 11 except that, here, the init ial increase

in the outflow was followed by a diminution before the tonus

began to decline. Upon relaxation there occurred further
decrease of the flow to below normal and subsequent return

to the pre-tonic ﬁalue. The intestinal Volume decreased
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with each tonic contraction. The diminution of the outflow
before the onset of the decline in tonus, which was missing

in fig. 11, may be attributed to the more prolonged sustalned
tonus in this case (fig. 12).

Figure 12. Illustrates reletionship between tonle contractions
and venous outflow. Tracings from above downwerd:
time in minutes; venous outflow drops; plotted curve
for venous outflow in drops per min. (11 drops = 1 cc.);
U.END intestinal contractions from upper end of loop;
V.P. venous pressure by tambour; A.P. arterlal pressure;
I.VoL. intestinal volume; L.END. intestinal contractions
from lower end of loop; zero line. Simultaneous or-
dinates marked by X.

From the above figures (10, 11 and 12) 1t 1s evident

that tonlec coniractions lead to a predominant decrease in

both the arterial inflow and venous outflow; the outflow,
however;'occasioﬁally showe an initial increase which 1s
then followed by a decrease with the maintenance of the
high tonus. This initial lnorease in the outflow may be |
attributed to the suddenness of the tonus rise, which, under
Such condition, acts in-a manner similar to that whgﬁzoccurs

during the contractile phase of rhythmic movements.
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‘Flgure 13. Illustrates relationship between Lntestinal con-
tractions and blood flow. Tracings from above downward:
B Arterial inflow by thermopile; intestinal contractions
from upper and lower ends of the loop; A.PR. arterial
pressure; venous outflow plotted in drops per min.; :
B.L. zero line; venous outflow drops; time in minutes.

- Simultaneous ordinates marked by X,

An\intqresting[ftndihg whichAmerltsvspecial reference
is shown in'fig.'ls. Here, the inteétine.exhibited irregular
rhyﬁhmlc'contractions and, gnlike the precediﬁg figures,‘fhp
tonlc changes wefe'poorly defined. DBoth the arﬁerlal inflow
‘and venous outflow, on the other‘hand, showed femafkable

rhythmical changes with no apparent relationship to the
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indistinct tonic changes (especially in the left half of
the record.) While 1t may be, that the flow changes were
induced by some alterations in the tension of the gut muscula-
ture (not registered), this apparent disproportionality between
the low and tonic changes suggests that the marked rhythm
of the flow had 1lts origin in a mechanism other then the in-
testinal motillity. Such a mechanlism probably lies in inherent
spontaneous changes In the vascular tone ltself. However,

this phenomenon seldom occurred in such a remarkable manner

as shown in this figure.

b) After-effect of tonic contractions: In most instances

the terminatibn of atonic contraction, especially wlen strong
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Figure 14. JIllustrates after-effect of intestinal tonic con-
“tpractions on the blood flow. Tracings from above’down-
ward: arterial inflow. by thermopile; intestinal con-
tractions from upper and lower ends of loop; A.PR. art
terial pressure; Z.L. zero line; venous outflow drops;
time in minutes. Simultaneous ordinates marked by X.
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and relatively sustained, was attended by a supra-normal
flow of b%ood which persisted for some tlme thereafter as
shown in fig. 14. In this figure, the rise of tonus upon
“which were superimposed strong rhythmic contractions, caused
an initial distinct decrease in both the inflow and outflow
(drops). Upcn the onset of decline of tonus the flow was
{ncreased first gradually and then more shafply to well sbove

the pre-tonic level, the maximum flow being attalned only

after the tonus had returned to normal. This post-tonic aug-
mentation of the blood flow, then, gradually decreased toward
normal until a new tonic contraction was lnitlated which

caused repetition of these flow changes.
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Fipure 15. Illustrates after-effect of intestinal tonic
contractions on blood flow. Tracings from above down-
ward: arterial inflow by thermopile; venous outflow
plotted curve in drops per min.; INTEST. intestinal con-
traction; A.FR. arterial pressure (60 mm. Hg); Z2.L. zero

line; venous outflow drops; time 4n minutes. Simultaneous -
ordinates marked by X. IR :
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A well pronounced post-tonlc effect is also seen in
fig. 15. Here, as in flg. 14, the gut exhibited periodic
tonic contractions during each of which both the outflow
and inflow suffered a marked decrease. But, with the pre-
cipitous drop of tonus, the flow increased sharply to a
level far in excess of normal then diminished steeply toward
normal. With the onset of the succeeding tonic contraction,
the flow was again sharply decreased and the rest of the
cycle, as described in the first contraction, was repeated
for this and t he subsequent contractions. Two important
features are to be noted in this'figure: 1) the duration
of the first tonic contraction was greater than that of the
succeeding, and its after-effect on the flow was greater and

more prolonged, 2) the magnitude of the last tonic contraction

was markedly smaller (with little or no difference in

duration) than that of the preceding, and its after-effect

on the flow was much weaker. This relationship points to
two distinct factors which determine the magnitude and duration
of the post-tonic augmentation of blood flow, namely 1)
magnitude and 2) duration of the tonic contraction; both of
which operate in an additive manner.

The post-tonlc augmentation of the blood fow, described
In the above figures (14 and 15), may be attributed to t he
action of certain vasodilator metabolltes which are released

during the perlod of tonic activity. The hyperemic effect

e
T

of such apparently potent substances Ls obscured, however,
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during the perlod of high tonus, because of the prevailing
vescular compression; but with the release of tonus and sub-
sequent opening up of the vascular bed, the effect appears
promptly and attains 1ts Aill helght when the loop 1s com-
pletely relaxed.

The ascurrence of such a vasodilator after-effect hss
also been observed following the termination of prolonged
tetanic contraction of skeletal muscle. It was first des-
cribed by Gaskell (1877 and later confirmed by Rein (1930),
Anrep (1934) and others who have attributed this after-effect
(in skeletal muscle) to an action of vasodilator metabolites.
There is, however, some difference of opinion regarding the
exact time of release and action of these vasodilator sub-
stances. Reln believes that they are released into the
skeletal muscle circulation only at thé termination of the
tetanic contraction, whereupon they produce the post-tonic
dilatation. On the other hand, Anrep states that these sub-

stances are formed and liberuted during the tetanic state,

but because of the compression of the vascular bed wiﬁhin
the muScle, they become effective only when the vessels'are
decompressed, i.e. at the end of tetanus.

The information regarding the nature of these vasodilator
metabolites is, at present, limited. Gaskell, realizing the-
vasodilator properties of the acid products of the cell

mgtabciism, 1nvést1gated the effect of cH on the blood vessels.
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He ascertained that lactic acid, one of the chief products
of cell metabolism, is capable of produciling vasodilatation.
Other products, which have definite vasodilator properties,
e.g. adenylic acld and carbonic acid, have been 1dentifled
by other wo rkers; but to what extent each of these substances
contributes to the ultimate vasodilatation 1s not known.

In the present study, while no attempt was made to
determine the exact nature of these specific vasodilator
substsances, repeffusion of venous outfldw blood from the gut
‘which might be expecﬁed tb contaia such substances, was per-
formed in some experiments. In order to elimlinate the effects
of low Op and excess COg of this venous blood, the latter
was equllibrated with "normal" gas mixtures (COp 4%, Og 30%)
before it was used in reperfusion; some venocus blood was also
reperfused without such equllibration. The effects of venous
blood, both equilibréted and non—equiiibrated, are shown in

fig. 16. In part A of this flgure shifting from arterlial

to non-equilibrated venous blcod caused a predomlnant increase
In the blood flow (preceded by an initlal decrease probably
induced by the early slight tonic contraction). This pre-
dominant inqrease in the flow indicates!an active vasodllatation
which may.be attributed to the effect of low Og, excess COo

and séecific metabolites. In part B of the figure, shifting
from arterial to venous blood equilibrated to normal COg2

and Oo2 tensions, caused a similar but less pronounced vaso-~-

~dilatation. It is, therefore, reasonably concluded that
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Figure 16. Illustrates effect of venous blood on intestinal
blood flow. A. Effect of reperfusion of venous blood
non-equilibrated (4 min. 40 sec.) B. Effect of reper-
fusion of venous blood equilibrated with "normal" gas
mixture: COo 4% and 92 30% (4 min. and 40 sec.)
Tracings show: arterial inflow and venous outflow
recorded by thermopile; A.PR. arterial pressure (70 mm.
Hg); intestinal contractions from one end of the loop
in A and from both ends in B; 4.L. zero line; venous

outflow drops; time in minutes. Simultaneous ordinates
marked by X.

venous blood possesses a vasodilator property which 1s not
attrlbutéble to an excess of C0g or to low Og, ané must be
ascrlbed to certain éubstanceskreleased from the actlﬁe tissue.
" “Anrep (1934) carried out perfusion experiments in which he
studied the effect of venous blood collected from a festing
skeletal muscle and from a tetanic muscle. He found that

the latter blood had a distlnct vasodilatof action, while

venous blood from resting muscle had no such effect.
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The magnitude and durastion of this hyperemic after-
effect 1s determined by the helght and duration of the
previous tonlc contraction (fig. 15), the stronger the
contraction end the longer it 1s sustained, the greater
the potency of the vesodlilator influence.

Another possible cause for the post-tonic vasodilatatlion
is an anoxic effect directly on the vascular walls during

the period of decreased blood flow consequent upon vascular

compresslion.

DISCUSSION:

In the interpretation of the experimental results
described above, a consideration of the findings of earlier
workers, derived from other contractile tissue is of im-
portance.

Surprisingly enough, considerable controversy still
exlsts concerning the influence of skeletzal and cerdlac
muscle contrection on the blood flow through these tlissues
notwithstanding the relstively extensive investigatibn'whiéh-
has been directed to the solution of this proﬁlem., The |
ﬁarious reéults and conclusions of the earlier workers can
be generally classified intd tWOVSGhOOlS of opinion:

; 1. Qne school holds tlmt during the increase of
mechanicai‘tension in tetanic donﬁraction of skeletal muscle,
»there i1s a marked dihinution,or even an arrest of the arter;

1al inflow, while the venous outflow 1s initially increased -
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then diminished. Similarly it 1s held that the coronary
blood flow decreases during systole and increases durl ng
diastole.

2e The secohd viewpolint, on the other hand, holds that
the increase in mechanical tension of skeletal muscle durling
tetanic contraction does not offer any interference to the
blood'flow t hrough the musclg; on the contrary, 1t may even

decrease the resistance offered by the intramuscular blood

vessels to the flow. According to this view, cardlac systole

i{s usually attended ty an increase in coronary blood flow.

The first viewpoint is supported by the work of almost
all of the early workers: Sadler (1869), Gaskell (1877),
and others who measured the venous outflow from a muscle
during contrsction, and Dogiel (1871), Humilewski (1886)
and Tschuewsky (1903) who meesured the arterial 1nflow into
the muscle; and Rebatel (1872) who carried out measurements
of the coronary flow. Burton-Opitz (1903), using the Hurtle's
stromuhr in the femoral vein, found that during teténic st im-

ulation of the motor nerve to the muScle, the venous blood

flow first increased with the muscle shortening, then decreased
during the continuation df the tetanic state of the muscle.

He attributed the Initial increase of the outflow solely to ‘
the increased pressure of the\contracting_mﬁscle upon the

blood contained in 1ts vessels and concluded thrt the tetanic-

'aliy,contracted muscle, therefore, was an obstacle to the
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blood flow. Similarly, Verzar (1912) observed a stoppage
of the venous outflow during tetanic contractlon. Gante@r
(192€) measured the arterial inflow of skeletal muscle and
found it to be considerably diminished during contractlon.
More recently Anrep (1934) measured the arterial Inflow into
skeletal, cardiac and smooth muscle (by his hot-wire anemo-
meter) and found that during the contraction of these tlssues
there was & diminution or arrest of the inflow, and that
during strong and raplidly developing contractions there
occurred a regufgitatlon of blood into fhe supplying artersw

Further evidence in support of the findings of the fore-
mentioned authors was furmished by Heilemann (1902) who found,
by direct microscopic observations of the musculus submax=-
11laris of the frog, that on tetanizing the muscle the blood
flow in the finer venules and in the capillaries bécame

greatly diminished, and that during strong contraction a

backward movement of the blood column wes observed in the

arteries.

In contrast to the above school of thought, the work of

Hochrein (1932) on the coronary blcod flow and that of Reln
(1230) on skeletal-muscle qirculatibn support the second

vieﬁ viz. that muscle contractlion does not Interfere with
‘ ,

the muscular blood flow, but rather augments it. Hochkrein

could find nc exact time relation between the phases of

cardiacrcycle and the cbserved clenges in the coronary flbw;
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however, he stated that there was penerally a tendency of 4
increased coronary flow during cardiac systcle.

Rein's results,

obtained by the thermostromuhr, were to the effect that

during short tetanic stimulation of the skeletal muscle

(pastrocnemius of dog) there was a marked increase of the

blood flow in the artery and vein. During prolonged tetanic

contractions there occurred an initlal increase of tle inflow
followed by a raplid decline to the original level, which was
elther maintained for the remainder of the tetanlc state
or showed a second gradual increase. Rein therefore con-
cluded that, "the contraction of the skeletal muscle de-

creases the resistance of the ilntramuscular blood vessels

to the flow of blood."

As anastomical evidence 1n support of his interpretation,

Rein mentioned the findings of Spalteholyz on the snatomical
distribution of the blood vessels 1iIn skeletal muscle. Ac-
cording to Spalteholfz (1924), the finer vessels and cap-
1llarles within the muscular tissue run parallel to the cy-
lindrical muscle fibers; upon contraction the fibers become
shorter and thicker and, therefore,

the interspaces between

them become wider so that a partial removal of the mechanical

pressurg on the blood vessels occurs, thus leadlng to de-
crease of the resistance to the blood flow.

Rein attributed the decreased blood flow observed by
Anrep and others, during the indirect tetanic stimulation

of the muscle, to a simultaneocus stimulation of the
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vasoconstrictor fibers to the rwuuscle. He emphasized that
in order to avolid stimul ation of these vasomotor fibers the
frequency of the stimulatory current should be hlgher than
300 cycles/sec. However, Anrep claimed he had excluded the
possibility of such simultaneous stimulation of the vaso-
constrictor fibers as being the responsible factor for the
observed decrease of flow, because paralyzing these flbers

by large doses of ergotoxine did not abolish the effect;

curare, on the other hand, abollshed the effect as it par- @

alyzed the muscle without paralyzing the vasoconstrictor

Afibers themselves. :
In his criticism of Rein's conclusions, Anrep emphasized

the fact that Rein did not measure the blood flow through

the specific muscle stimulated, but insteed measured the

total flow in t he whole leg and foot. Anrep suggésted that

the observed increase of the flow under such conditlons

might have been due to a reflex vasodlilataetion iIn the non-

stimulated muscles of the same  leg and foot, and that such

reflex vasodilatation might overshadow any decrease in the

contracting muscle 1itself.

In contrast to the great volume of experimental studies
on the effect of skeletal and cardiac muscle contractlon on
thelr intrinsic blood flow, the data pertaining to the effect
of smnoth muséle contraction on its blood flow is meager.
Rein (1931) observed that the blood flow in the superior

mesenteric vein exhibited characteristic undulations; however,
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his experiments do not provide any data concerning the re-
lationsnip vetween the intestinal contrsction and the blood
flow since he did not record the integtinal motility. lall
(1896) observed tnat during the rhythmic contractions of an
i1solated perfused loop of dog's small intestine, the re was
an augmentation of the venous outflow and 2 simultsneous
Increase in the venous pressure. rie attributed these changes
to the compression of the vascular bed by the contractling
smootir muscles. Almost nelf a century later aAnrep (1934)
in supplementing his iInvestlgations on skeletal muscle blood
fiow, mentioned above, measured the arterlal inflow in isolzted
short loops of small Intestine and found that during each
individual rhythmic ccntractlon tne infiow decreased, whereas
upon relaxation of the loop the inflow returned to nomal.

In interpreting our experimental results ccncerning
the effect of the contraction of the smooth musculature of
the small intestine on i1ts intrinsic blood¢ flow, @ considcra-

tion of the anatomical relaticonships between the different

layers of the wall and the vascular bed is of prime Importance.
In contrast to the rather simple arrangements of blood vessels
in skeletal and cardisc muscle, the intestinal wall is far
more complex in structure and its vascular bed 1s possessed

of & characteristic anatomical arrangement. Mall (1E£96)

found that tie greatest vascularity in the intestinal wall

is present in the subriucosa; this layer contains dense venous

plexuses (Venebéllcben) which receive venous blood from both
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the inner and outer layers. According to trls author, the
veins carrying the blood from these plexuses (long and short
intestinal veins) to the outer mesenteric veins are provided
with "valves" which are capable of withstandlng high back
pressures: '""'Such system of valves prevents any backward
injection intoc the vein from going into the artery. The
resistance 1s so great that tine high pressure is more gpt
to mupture the mesenteric vein than to force the injectigg
material into the submucosal plexusés." This has been con-
firmed in our experiments in which attempts were made to

perfuse the loop through its vein; it was found that pressures
as nigh as 125 mm. dg failed to push the blood from the venous
side into the artery (arterial pressure zero), thus demon-
Strating the presence of some "bgrrier" preventing the back-
ward flow of blood.

Spanner (1932) ascertained the presence of powerful
sphincters in the "throttle" veins draining the submucosal
venous plexuses. Ille also emphasized that tﬁe venous plexuses
(or nests) play & prominent role in the circulatory adjust-
ment in the small intestine of dog (and other carnivora);
due to their considerable capacity (average surface area of
venous nests is 45 sq. mm. in 100 sq. mm. of tissue) and
their great capability of dilatation they may serve as volum-
inous blood depots. In additlion to these dense venous plexuses

of the submucosa, a rich venous anastomosils exlsts in the
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other layers of the Intestinal wall, e.g. mucosa, muscularls
mucosa and the outer muscle layers between which there 1is

a rich Intermuscular venous plexus.

The arterial supply to tnhne wall also exhiblts a free

anastomosis in 2ll the layers. One important difference be-

tween the arterial supply and the venous drainage systems
in the intéstinal wall is that while the arterial system 1is
freely intercommunicating so that a shift of the arterial
blood path 1s posslble between the adjacent segments of the
intestine,

such a free movement of venous blood 1is restricted

by the valves in the draining veins which allow only & uni-

directionalkflow of venous blood.

On the basis of the above anatomical description, our
findings on the blood [low changes accompanying the intestinal
contractions can be adequately explained. Thus, 1t 1is apparent
that the intermediate position of the dense and capacious
venous plexuses of the submucose between the outer muscle

layers and the muscularis mucoss, renders this considerable

portion of the vascular bed subject to variable degrees of

mechanical tension exerted by the contraction or relaxation
of the muscle fibers. Of perhaps even greeter influence 1n
this connection are the circular muscle flbers on both sides
of the submucosa since the mechanical tension of their
shortening will be directed centrally toward the lumen of

the gut. Consequently, upon s imultaneous contraction of
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these circular nmuscle fibers, the submucosal tissue, 1in-
cluding the venous plexuses, will be compressed. The 1mmed-

jate effect of such vascular compression 1s the expulsion

of venous blood present In the venous plexuses and simul-
taneously a partial (or complete) blocking of the arterial
inflow into the contracting segment of the loop. It is also
probable t:nat upon contractlon of the muscular wall, not

only the submucosal venous plexuses, but also the inter-

muscular plexuses, are compressed. Therefore, the increase

of the outflow durlng each individual rnythmic contraction

phase 1s attrlbuted to the initlal expulsion of the venous
bloocd, while the slmultanecus diminution of the inflow 1s
due to the obstruction of the arterial paths.

During rhythmic activity of the gut, the perlods of
increased contractile tension 2re socn followed by relaxation,
whereby, according to the above interpretztion, the vascular
bed is decompressed. The immediate effect of such vascular
decompression s a prompt lncrease of the arterial inflow
to normal, while the outflow will be decreased temporarily,
for an interval of time necessary for the fllling of the
partiaslly empty capacious venous plexuses. The occurrence
of such compression end decompression of the vascular bed
in a rhythmical menner, corresponding to the int estinal
rhythmic contraction, will ultimately lead to the reciprocal
rhythmic variations of the outflow and inflow already des-

cribed (figures 5, 6 7, 8 and 9).
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The strength and the rate of development of the muscular

contraction distinctly influence the changes in the blood

flow. Thus, durlng strong and rapldly developing contraction

the arterial inflow diminution and the outflow augmentation

are markedly accentuated. In fact, 1f the contraction 1is

sufficlently strong and abrupt there may occur an actual
regurgitation of the arterial blood into the supplying artery
and in the perfuslon system. This 1s suggrgested from a care-

ful examinatlon of fig. &, where it has been observed that

the waves of the inflow mechanical pressure recorder (tracing
A) exhibilted assymmetrical upstrokes and downstrokes. The

fect that the upstroke (indicating an increase) ls steeper
than the downstroke (indicating a decrease) points to the
possible occurrence of a sudden backward movement of the
arterial blood into the central chamber of the recorder during
the contraction of the loop. Also, the appearance of waves
corresponding to the rhythmic contraction of the loop on
the arterial pressure tracing indicates a backward movement
of perfusion blood into the mercury manometer. In this
case the inflow mechanlcal recorder may actually act as

a partial one-way valve allowing the blood flow only in the

direction of the tissue; any tendency for the flow to be

reversed will lead to an increase in the pressure in the
mercury manometer and in the chamber of the recorder.

Similarly, with increased strength of individual rhythmlic
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contractions tne magnitude of the outflow increase may be

accentuated s seen In fig. 7.

An important determlinant of the pattern of the blood

flow changes durlng rhythmlic activity, is the length of the

perfused loop. Thus, in relatively long loops, where two

segments may be actively contrscting, any asynchronism btetween

the contraction phases 1in the two segments may alter the

rhythmical pattern of the flow which 1s being measured 1in
‘the entire loop. To further elucidate thls point, if one

segment of the loop 1is contracting while a contlguous segment

is relaxing, the decrease in the arterlal inflow induced by

the contracting segment will be annulled, in part at least,
by the increased lnflow induced by the simultaneously re-
laxing segment. The venous outflow.pattarn may be affected
in the same way, but to a lesser degree because of the
presence of valves which prevent the movement of venous
blood from one segment to the other. However, the fact
remains, thét the specific effect of contraction in any gilven
segment 1s to diminish the arterisl inflow and increase the
venous outflow in this segment. The underlying factor here
is the compression of the vascular bed during contraction.

If the duration of the increased contractile stress of

the muscle is prolonged, e.g. as 1in tonic contractions, the

initial increase in the outflow, consequent on the initial

expulsion, is soon followed by a decrease. This 1s due to
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the contlinuation of the vascular compression snd the resultant

decrease of the blood inflow. The diminution of both the

outflow and the inflow are then maintalined throughout the

remainder of tonic contraction. Upon the decline of tonus,

the veascular bed is decompressed and there results a prompt
Increase of the inflow which 1s followed shortly thereafter

by the return of the outflow to normal.

The extent of diminution of bvoth the inflow and outflow

during the tonlc contraction is determined by the strength

of the contraction, since the latter will determine the ex-

the
tent of the vascular compression. The magnitude ofpinitial

increase of the outflow st the beginning of tne tonic con-
traction is determined by the degree of previocus filling of
the vasculer bed. This filling is dependent upon the duration
and the extent of relesxation in the muscle of the gut andg
i1ts blood vessels, and upon the inflow pressure.

The nature of the tonlc contraction may influence appre-
clably the pattern of the blood flow, particulerly that of
the venous outflow. Thus, in propagated tonic contractions,

e.r. peristalic waves, there might occur a progressive vas-

cular compression from one segment of the loop to the adjacent ¥
with & resultant prorressive expulslon of venous blocod from
these segments. Thls phenomenon m&y ultimately lead to a
maintenance of an increased outflow throupghout the entire

period of the propagated tonic contractlon; this 1is suggested

in fig. 11. Here, the inflow undergoes an initial but
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temporary diminution consegquent upon the vssculer compression
and as the elevated tonus begins to drop the vascular bed
1s decompressed whereby the inflow increases promptly, while

the outflow decreases to the normsl pretonic level.

3. General kiotor Activity and blean Blood Flow

That Increased activity of an organ is attended by a
parallel increase 1in the arterial blood supply to this organ
is well known. This phenomenon has bteen demonstrated exper-
imentally In many tissues including skeletal and cardisc

muscle. Thus, as early as 1867, Chauveasu and Xaufmann observed '

thet the blood supply to the levator labli of the horse was

increased by threefold durlng mastication over the resting

vealue., More recently Rein (1930), Anrep (1934) and others,
working on rhythmically contracting skele tal muscles (nor-

mally or electrically stimulated), have confirred the zbove
finding, namely that under such conditions of activity the

blood flow is considerably increased above normal.

While on general principles, therefore, it might be
expected that an increase in the Intestinal motor activity
would be associated with an increase in the mean blood flow,
there has been, up to the present, no experimental demonstration
of suchh phenomenon. However, the experiments in thne present

study demonstrate not cnly that individual rhythmic and

tonlc contractions have specific effects on the intestinal

blood flow, as described sbove, bBut aslso that the general
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mobtor activity pleys a significant role In influenclng the
mean intrinsic blood flow. Thus, rccords i1llustreting the
effect of iIncreased general motor activity of tue gut upon

the blood flow are shown in fig. 17. In part A of thils figure,
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Figure 17. Illustrates 1nfluence of general intestlinal motor
activity on blood flow. In all parts of the flgure
venous outflow was plotted in drops per minute on curve
with circles. Tracings also show: venous outflow drops
(FLOW); intestinal contractions from upper end (U.END)
and lower end (L.END) of the loop; V.FRES. venous
pressure recorded by tambour; I.VCL. intestinal volume
A.PRES. arterial pressure (pulsatile in A, C and D)
and time 1In minutes.

the gut showed a graduesl but steep increase 1in the amplltude
of the rhythmic contraetion and & rise 1in tonus; the blcod

outflow increased grasdually to about 70% sbove the resting
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value. In part B, the loop also showed a gradual incrcase

mainly in 1ts rhytlmic activity which was attended by a
paresllel rise in the outflow of about 60% above the resting

value. In parts C and D thrne gut exhibited periocdic increase

in the rhytrmic motility, and here 1t 1s noted that the outflow

increased during the perlods of increased activity and de-
creased durlng the perilods of lower activity. An interesting
feature to be seen in parts B, C and D 1s tnat the synchronous

venous pressure changes became more pronounced with the in-
crease 1n the amplitude of the rhythmic contractions.

In figure 18, demonstrating the same relat lonship between

the motor activity of the loop and the blood flow, both the
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Figure 18. Illustrates influence of general lrtestinal motor
activity on blood flow. Tracings from above downward:
venous outflow plotted in drops per min.; arterial inflow
by thermopile; INTEST. intestinal contractions from upper
and lower ends of the loop; A.PR. arterlal pressure (60
mm. Hg); Z2.L. zero llne; venous outflow drops; time in
minutes. Simultaneous ordlnates marked by X.
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arterial inflow and the venous outflow were recorded. IHere,

the rhythmic contractions showed a gradual incresse in ampll-

tude accompanied by a parallel pgradual increase in the inflow

and outflow (plotted curve).
A significant feature common in these figures (17 and 18)

is that the increase in the blood flow occurred subsequent

to the increase 1n the motor activity. This observation,

therefore, indicates that the changes in the gut motillty

were the cause rather than the effect of the observed changes

in the blood flow.

Discussion:

The results presented above indicate clearly that the
increase in the general motor asctivity of the gut caused an
increase in the mean flow of blood through this tissue.

Since these results were obteined in the isolated loop, they
must be attributed solely to certain local mechanlisms.

At present, the most generally accepted explanation for
such locel mechanisms 1s that the increased blood flow during
activity results from the local actlon of vasodilator metabo-
lites released in greater amounts durlng tissue activity.

This would appear to be an essentlal factor in the occurrence

of an increase in the mean blood flow 1n the intestine as
demonstrated 1in our experiments. FHowever, it must be empha-
sized that during rhythmic contraction of the loop, these vaso-

dilator metabolites become effective on the flow only during the
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periods of muscle relaxation, when the vascular bed ls released

from compression. Thus, wiltn gradual increase 1in the strength

of the rhythmic contractlons there is an increase of metabolic
products which, acting additively, lead to a pradual lncrease
in the blood flow provided adeguate intervals of relaxation
are present for these substances tO exert their effect. If
the rhythmic contractions occur at a fast rate so as to &llow
only for short inadequate periods of relaxation (and vascular

decompression) the volume flow of blood to the tissue per

unit time may suffer an actusal diminution (fig. 7), in spite

of the existing vasodilatatlon. Similarly, if the lIncrease

in the strength of rhythmic contracticns is accumpanied by

s rise In the gut tonus, the latter may overcome the tendency

for an increase in the blood flow by virtue of the vascular

compression exerted by the nigh tonus (fig. ¢)Y. In those

cases, where with longer loops only a small part of the tilssue

1s tonically active while the rest 1s relaxed, such relaxastion

may permit the vasodilator substances to act resulting 1n

an increase of the total blood flow in spite of a recorded

tonus elevation.

Propulsive power of lntestinal contractions on blood flow:

'"In addition to the effectiveness of the vasodilator

metebolites in furnishingimeans for sugmenting the blood
flow through the loop, our experiments have demonstrated cone-

clusively that the small intestlne possesses anot her efficlent
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mechanism for aiding the flow of blood through 1its wall,
namely the rhythmic propulsion of venous blood by the rhythmic
contractions. Such rhythmic propulsion of blood constitutes
an actual pumping mechenism which significantly facilitates
the onward movement of an augmented arterial inflow (con-
sequent on vasodilation) into the draining veins. The ex-
perimental evidence for thris concluslon 1s found in the ex-
periments in which the vernous outflow was occluded while
recording the arterial and venous pressures slmultaneously.

The results of such procedure are shown In fig. 19 where

occlusion of the venous outflow caused two,significant changes.

First, the amplitude of the Ilntestlnal rhythmic contrections
increassed considerably for some time, then followed a ppriod
of depressicn and & subsequent Ilncrease; second, the venous
pressure waves correspondins to, andg caused by, the rhythmic
contractions became distinctly accentuated (16 mm. Hg). The
venous pressure was ralsed thereby and eventually exceeded
the arterial pressure by 1¢ mm. Hg. To further illustrate
this propulsivq power of the riythmic contractlions, a one-
way valve wss placed between the venous manometer and the
tissue. HKesults of such a procedure are shown 1in part B

of the figure. Here, wlthh venous occlusion, esasch rhythmle

centraction caused a rise in the venous pressure 1ln a step-

like manner, until finally 1t exceeded the arterial pressure

by 28 nm. Hg.

¢



58

| MIN,
Flow ==

CLOSE
OUTFLOW

a s U END!

44
rmr MMMMMMWJ&\LMmﬁ e

Figure 19. Illustrates propulsive power of the intestinsal
rhythmic contractions on the blocd flow. In both A and
B venous pressure l1s raised abtove the arterial pressure
by the propulsive 1nfluerice of ronythmic contractions.
Tracings from above downward: time In minutes; venous
outflow drops; U.END Intestlinel contractions from upper
end of loop, and L.END from lower end; A.P. srterial
pressure (25 mm. Hg, pulsatile in A; 42 mm. Hg, constant
in B); V.P. venous pressure recorded by Hg manometer;
Z.L. zoero line for erterial and venous pressures. In
B one-way valve placed between venous manometer and
outflow tube.

The above experimental results indlcate clearly then,

thats: (1) the propulsive power exerted by the rhythmic con-
contraction on the cutflow of blood is proportional to the
strength of the contractions and (2) these rhythmic contractions

are capable of pumping the blood 1lnto the veilns against a
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venous pressure higher than the arterial inflow pressure.
This pumping mechanism is adequately provided for by the
charecteristic anatomical arrangement of the vascular bed:
the presence of dense capacious venous plexuses 1ln thg sub-
mucosa aﬁd, the existence of a valvular system in the larger
draining veins of t!e intestlinal wall which insuress unldi-
rectional flow of venous blood.

The possible significance of the Intestinal rhythmilc
contractions in the propulsion of blood has been polnted out
by Mall (1896). More recently Okea (1934) inferred from ob-
servaetions on mesenteric veln pressure variations, that the
rhythmic contractions of the small intestine may serve as

"a secondary peripheral heart."

It is evident from the sbove discusslion that the pumping

power of the intestinal rhythmic contractions, in conjunction

with the vasodilator action of the metabolic products re-
leased during activity, constitute an efficient means for
regulating the blood supply to the tlssue and for facilitating
the movement of venous blood. It should be re-emphasized,
however, that in order that such means be effective the time
intervels of vascular decompression during relaxation of the

muscle ﬁust be long enough to allow for adegquate {illing

i
of the wvascular bed.

In summary of the results described above, concernling

the effects of intestinal motlllty on the intestinal blood
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flow, and the conclusions drawn therefrom, the following
may be stated:

(1) During rhythmic activityof the intestline, the inflow
decreases and the outflow Increases during the contractile
phases; during the relaxation phases this relationship 1is
reversed.

(2) The increased outflow during the contractile phases of
roythmic activity 1is attributed to the sudden vascular com-
pression resulting in the expulsion of venous blood,

par-

ticularly from the submucosal venous plexuses; the simultaneous
decrease in the inflow is due to the obstruction of the arterial

paths during vascular compression.

(3) Tonic contractions casuse a predominant decrease in both

the inflow and outflow which is attributsed to vascular com=-

pression. Occasionally the outflow increases inltially upon
the rise of tonus, especlally when the latter is sudden and
strong; this initial increase is attributed to the expulsion
of venous blood consequent upon sudden vascular compression.
(4) Tonic contractions, especially when strong and relatively
sustained, are followed by a post-tonlic augmentation of both
the inflow and outflow, which is attributed to the action

of vasodilator metabolites released from the tissue during

the high tonus. Suck post-tonic vasodilatation may result

in an augmented mean flow of blood.

(5) Aﬁ increase 1n the general motor activity of the intes-

tine, especially the rhythnmic contractions, leads to &an
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increase in the mean blood flow (arterial and venous).
This increase in flow i1s attributed to the action of vaso-
dllator metabolltes released in excess durlng increased
actlvity.
(6) The rhythmic contractions of the intestline possess the
power of pumping the blood through this tissue, thus fur-
nishing a means to facilitete the movement of venous blood.
This pumping power may actually propel the blcod agalnst

a venous pressure higher than the arterial.

IT EFFECT OF ALTERATIONS IN BLOOD PRESSURE ON INTESTINAL

MOTILITY

Under normal conditions the small intestine is constantly
subjected to the changes in the general blood pressure, as
well as to changes in the blood flow consequent upon the cir-
culatory readjustments'throughout the body. Similarly,
because of the direct connectlon of the mesenteric velns to
the portal vein, the small intestine is subjected to the
variations in the portal venous pressure. Ln the experiments
described below, various procedures were‘Carried out to deter-
mine the effects of arterial and venous pressure changes, a8
well as those of occlusion of the arterial and venous flows,
on the ac%ivity and blood flow of the isolated perfused loop.
1) Effect of Alterations in Arterial Pressure:
The desired changes in the arteriasl pressure were

applied by adjusting the height of the pressure bottle
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(I, f1g. 4) as described under methods.
Sudden elevation of the arterial pressure caused well

pronounced reactions in the intestinal activity, as shown

in fig. 20 A. Here, the perfusion pressure was suddenly
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Figure 20. Illustrates effect of sudden elevation of arterlal
pressure, Trecings from above downward: time in minutes;
venous outlflow drops; intestlinal contracticns from upper
end of loop; venous outflow plotted in drops per minute;
V.P. venous pressure in A; A.P. arterlal pressure; in-
test inal contractions from lower end of loop; zero line.
In A, arterial pressure was ralsed suddenly from 30 to
65 mm. Hg; in B from 25 to 60 mm. Hg; and in C from 40
to 80 mm. He (at right hand side) and lowered from 60
to 40 (at left hand side).

reised from 30 to 65 mm. Hg, whereupon there occurred an

immediate increase of the blood flow, and after a brief

latency (5 seconds), the gut tonus showed & gradual butb
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distinct rise together with-a gradual Increase of strength
of the rhytrtmic contractions. A similar resull 1s shown in.
part B of thls flgure, where the arterial pressure was sudden-
1y elevated from 25 to 60 mm. He. In both parts A and B of
the figure, 1t is noteworthy that the gut malntained 1its
high degree of actlvlty and tonus throughout the period of
the elevated arterial pressure.

Another frequent type of motor response of the'gut to
sudden elevations of the arterlal pressure ls shown In fig.

20 C (at right hand side). Here, the motor response consisted

mainly of an initial sharp and sudden rise of tonus followed
shortly thereafter by a drop to a level which was still well
above the prepélevation level.

An important finding concerning the motor reaction of
the gut to arterlal pressure elevation is that such reaction
was conditioned, in part, by the magnitude of the pressure
change. This 1s seen in flg. 21, where a sudden elevatlion
of the arterial pressure from 55 to 70 mm. Hg falled to elicit
any definite motor response, whereas a sudden elevation from
40 or 30 to 70 mm,., Ig did evoke a well pronounced reactlon.
In this figure, another important feature 1s shown, namely
that whereas a sudden elevation of the pressure from 30 to 70
mm. Hg elicited a distinct motor response, a gradual elevation
of the same magnitude falled. This difference between the
effectiveneés of the sudden and gradual elevations may be

attributed to, (1) the difference between the rate of the
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pressure change per se, or (2) the difference between the
attendant rradients of flow increase, or to both. However,
1t 1is noteworthy that while the gradlents of the flow increase

were ldentical for the sudden Pressure elevation from 40 to
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Figure 21. Illustrates influence of rate and magnitude of

arterial pressure elevation on motor response of gut.
Tracings from above downward: time 1n minutes; venous
outflow drops; U. intestinal contraction from upper end
of loop; V.P. venous pressure; A.P. arterial pressure;
L. intestinal contractions from lower end of loop;s Zero
line. Simultaneous ordinates marked by X. Gradients

of bloocd flow change consequent upon sudden ralising of
arterlal pressure from 40 to 70 mm. Hg and rradual
elevation from 30 to 70 mm. Hg are shcwn below venous
outflow drops.

70 and the gradual elevation from 30 to 70, as shown in the
figure, a motor response was evoked only by the sudden
elevation (the ultimate flow was almost the same after both

elevations). From this, 1t would appear that the stimulating

factor was the sudden change in pressure per se rather than
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the attendant gradient of flow change.

Lowering of the arterial pressure, in contrast to pressure
elevation, causcd a predominant depression in the motor
gctivity and tonus. This 1s shown in fig. 22, where lower-
ing of the perfusion pressure from 115 to 70 mm. Hg caused
an immediate cessation of all contractions of the loop together
with a drop of tonus; the venous outflow also decreased by
about 50%. The depressed motor activity of the gut lasted
throughout the period of lowered pressure then gradually
returned to normal upon raising the pressure to its previous

level (whiclhi also caused an increese of the blood flow).
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Figure 22. Illustrates effect of lowering of arterial pressure
on gut motility. Tracin: s from above downward: time
in minutes; venous outflow drops; venous outflow plotted
In drops per minute; U. intestinal contractions from
upper end of loop; V.P. venous pressure; A.F. arterial
pressure; L. Intestinal contractions from lower end of
loop; zero line. Arterial pressure lowered suddenly

from 115 to 70 mm. Hg, then ralsed to 115 mm. Il after
8 minutes.
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This pronounced depression in motor activity consequent
upon lowering the arterial Pressure was commonly preceded
by an initial transient Stlmulation of the gut with an in-
crease 1n rhythmic contraction and tonus. This is 1llustrated
in fig. 20 C (at left hand slde), where a sudden lowering of
the pressure from 65 to 40 mm. Hg caused a pPrompt and strong
tonic contraction, followsed by a drop of tonus to well below
the pre-lowering level.

A similar initial stimulating action of sudden lowering
of the arterial pressure is illustrated in fig. 23, A and B.

In this figure, the motor response of the gut consisted of
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Flgure 23, Illustrates intestinal motor response to sudden
lowering of arterial pressure. Tracing from above
downward: time in minutes; venous outflow drops; venous
outflow plotted in drops per minute; U.END intestinal
contractlons from upper end of loop, and L.ENP from
lower end; A.P. arteriasl pressure (pulsatile in A and
constant in B); zero line. Simultaneous ordinetes
marked by X. In A, arterlal pressure lowered suddenly
from 70 to 25 mm. Hg, and in B from 50 to 25 mm. Hg.

8 pronounced initial temporary rise in tonus and an increase

in the amplitude of the rhythmic contractions, followed by
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depression to below the pre-lowering level.
The results described above, concerning the effects of
sudden lowering of the arterial pressure and its maintenance

et the low level, suggest that while the predominant depression

in the gut activity under the low pressure may be due to the
attendant decrease in the blood flow, the initial stimulation
(figures 20 C and 23) may reasonably be ascribed to the

stimulat ion inherent In the sudden lowering of the pressure

per se. In this lowerlng, as was true for the ralsing of the

arterial pressure, botn the rate and the magnitude of the
pressure cnange ere silgnificant faectors in the elicltation
of the motor response in the gut. This is shown in fig. 24,

where sudden lowering of the pressure from 115 to 70 mm. Hg

(first proccedure in A) caused a sharp but transient increase
in the gut activity and tonus; a gradual lowerlng of the
pressure, however, (second procedure in A) evoked a definitely
wesker and a more slowly developing motor reaction. In part
B, a still more gradual lowering of pressure falled entirely
to induce any motor response. Simllarly, In part C a lowering
of the pressure from 115 to 70 in sudden steps of 10-15 mm.
Hg caused a‘very minor or almost negligible motor reaction
in the put. It is noteworthy 1in this figure, that the
ultimate magnitude of the blood outflow decrease consequent

upon the arterial pressure lowering was almost the same in

all four procedures shown.



Flgure 24. TIllustrates influence of raste of change and
magnitude of arterial pressure lowering on intestinal
motor activity. Tracings from sbove downward: time
In minutes; venous ocutflow drops; venous outflow plotted
in drops per minute; U. intestinal contractions frem
upper end of loop; V.P. venous pressure; A.P. arterial
pressure; L. intestinal contractions from lower end of
loop; zero lime. In A arterial pressure lowered suddenly,
and gradually (at arrcws) from 115 to 70 mm. Hg; in B

very gradually from 115 tc 70,and in C in steps 115-
106-96~-87-80-70 mm. lg.

It 1s also of interest in the above figure (24) that
although. the sudden pressure lowering induced a motor response,
the sudden pressure elevation failed to cause any stimulation,
whereas in flg. 21 the revefse was true.

In summary, the effects of alterations in the arterial

bPressure on the intestinal motor activity, as demonstrasted

by our experiments, are as follows:

(1)

Elevation of the arterial pressure leads predominantly

to enhancement of the motor activity and tonus of the gut.
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(2) Lowering of the arterial Pressure leads predominantly to
depression of the motor activity and tonus of the gut. '
(3) Sudden elevation or lowering of the arterial pressure
causes an initial transient but well pPronounced motor response

in the gut. In this reaction, the rate of thre Pressure change

as well as the magnitude is an important determining factor.
shile 1t canriot be denied that the gradlent of the flow chenge

may be & contributing factor in this response, the experiments

provide evidence that the pressure clange per S8 constitutes

the stimulating agent.

2) Effect of Alterations in Venous Pressure:

Chenges in the venous Pressure were accomplished by a
simple procedure of elevating or lowering the outflow orifice
of the drop recorder, suddenly or fraduslly as desired.~

Typlcal effects of venous pressure elevation on the gut
motor activity are shiown in fig. 25. In parts A, B and C
of this fipure, where the venous pressure was suddenly raised
and maintained for short periods of time, there occurred well
pronounced motor reactions in the gup. In part A, the motor
response conslsted mainly of a sharp‘and prolonged rise of
tonus; a simllar response was Induced in part B but was pre -
ceded by an initial increase in the rhythmic contractions.

In part C, there occurred chiefly an Increase in the rhythmic

activity which was msintalined without much change in tonus,
throughout the period of elevated venous pressure. In each

of the above three Procedures, the record of the venous outflow



Figure 25. 1Illustrates intestinsl motor response to sudden
alterations in venous. pressure. Tracings show: time
in minutes; vyenous outflow drops; U, and L. intestinal
contractions from upper and lower ends of the loop;
A.P. arterial pressure; V.P. venous pressure recorded
by membrane manometer in A and D, and by mercury mano-
meter in B, C and D; zero line of arterial and venous
pPressures in B, C and D,

would seem to indicate a complete stoppage of the outflow.

However, this does not necessarily follow since the ralsing

of the outflow orifice (to raise the verous pressure) led

to recession of the fluid level into the outflow tube and

subsequerit cessation of recording. The very rapid initial
outflow ﬁhich occurred upon lowgring the venous pressure, &as

shown in the figure, is ettributed to the accumulation.of

blood on the venous sigde. Such accumulation of venous blood
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is due, in part, to that blood which had receded into the
tube upon raising the outflow orifice and more signiflcantly
to that blood which was shifted from trhe arterial to the
venouls side by the strong tonilc contractions elicited by the

venous pressure elevation.

That the rate of venous pressure change plays & prominent
part in eliciting a motor resgonse, as was true also for
changes in the arterial pressure, 1ls demonstrated by & com-
parison of the twc procedures in part D. In the first pro-
cedure, the venous pressure wes gradually raised to 20 mm.

Heg and maintained at this level for 7 minutes. The gut showed

only & slight increase in tonus which was probably due, in

part, to distention of the intestinsl wall by retention of

venous blood. On the other hand, In the second procedurse,
where the venous pressure was ralsed suddenly to thne same
level, the gut responded by a sudden increase in tonus and
rhythmic activity which was maintailned thrdughout almost the
entlre period of increased venous pressure. Sudden lowering
of the venous pressure induced a temporary increase of both

tonus and rhythmic contractions followed by a return to

pre-elevation quliescence.

3) Effect of Arterial and Venous Occlusions

In an stsempt to further determlne thie influence of

alterations in the blood pressure and blood flow on th

intestinal mot1lity, experiments were carrled out in which
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the arterisl inflow and venous outflow were occluded singly

or together.

a) Arterial Occlusion:

Occlusion of the arterial inflow led invariably to a

predominant reduction in the motor activity and tonus of

the gut as shown in fig. 26, A and BE. In part A of this
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Figure 26. Illustrates effect of arterial occluslon on in-
test inal motor activity. Tracings from above downward:
time in minutes; venous outflow drops; U. intestinal
cont ractions from upper end of loop; V.F. venous pressure;
INT.VOL. intestinal volume in B; A.P. arterlial pressure;
intestinal contractions from lower end of loop; zero
line. In B, interrupted curve represents venous outflow
plotted in drops per minute; the contractions from the

‘upper end of the loop went off the record upon arterial
"de-occlusion.

figure, however, stoppage of the blood inflow caused, after

a leatency of about 50 sec., a marked byt temcorary stimulation
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of the gut motllity and rise of tonus followed by profound

gqulescence which was maintained for the remainder of the

occlusion period. In part B, the initial stimulatory effect
was absent. The common features in both parts of the figure
were an immediate but gradual drop of the intra-arterial

pressure following ccclusion of the inflow, and, surprisingly

enougli, a continuation of the venous outflow for sometime

after the occlusion until 1t stopped entirely. The intra-

arterial pressure eventually re chied 7 mm. Hg in A and zero

in B, De-occlusion of the arteriasl inflow caused an imred-

late rise of arterial pressure to normal, and return of the

venous outflow initially at a considerably higher rate than

that previous to the occlusion; in part B this post-occlusion

outflow reached a value about 600% of the pre-occlusion
value, then pgradually decreased toward normal. After a
brief latency the gut responded to this de-occlusion by a
vigorous rise of tonus and reappearance of ronythmic contrac-

tlons; such response was of a much longer duration in B, but

was followed in both cases by a return to pre-occlusion
level. It is also of interest that arterlial de-occlusion

caused (in B) a sharp and temporary rise of the venous pressure

above normal.

The experiment al results presented in the above figure

indicate, therefore, thet occlusion of the arterial inflow

to the intestine causes a predominant depression of gut

activity which 1s frequently preceded by an initial transient
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stimulation. Such predominant reduction in motor activity
mav reasonably be attributed to the attendant arrest of the
arterial supply to the tlssue (anoxic effect). The frequent'
initial stimulation may also be explained as due to an anoxlic
effect; however, the drop of arterial pressure per se, con-
sequent upon occlusion of the inflow, may particlipate in the
slicitation of this initial motor response, as already des-
cribed. Restoration of the arterial supply to the intestine

upon arterial de-occlusion leads to a return of the motor

ectivity while the initial temporary tonic rise may be at-

tributed, in part at least, to the attendant sudden rise of

arterial pressure per se, (compaere with effects of sudden

elevation of arterial pressufe described above, (fig. 20 C).
The post-occlusion supra-normal blood flow indicates

a vascular diletation induced, during the period of arterial

occlusion, by'vasodilator metabolites released from the

anoxic tlssue. This phenomenon resembles greatly that common-

ly referred to as reactive nyperemia.

b) Venous Occlusion:

In contrast to the predomlnant quliescence of the gut
induced by arterial occlusion, the occlusion of the venous

outflow caused a predominant augmentation of the motor activity

as shown in fig. 27. In part A& of this figure, venous occlusion
led to a gradual increase 1in the height of the rhythmic contrac-

tions and a sllght rise of tonus. Accompanylng the lncrease of
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Figure 27. Illustrates effect of venous oceclusion on in-
testinal motor activity. Trescings from above downward:
time in minutes; venous ouhtflow drops; U. intestinal
contractions from upper end of loop; V.P. venous pressure
recorded by membrane mancmeter; A.F. arterial pressure;
L. intestinal contractions from lower end of loop;
INT.VOL. intestlinal volume in B.

the cut activity, the venous pressure tracing showed &

cradual rise upon which there appeared marked undulations
synchronous with the strong rhytnmic contractions of the

loop. This rise of the venous pressure eventually reached

a level well in excess (13 mm. Hg) of the malntalned per-
fusion pressure. This phenomenon constitutes, as already
described above, conclusive evidence that the propulsive force

of the rhythmic contractions may serve under some conditions
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as an lmportant contributor to the movement of blood against
an unduly high pressure 1n the mesenteric or portal veins.
Upon de-occluding the veln, the venous pressure dropped
immediately to the normal level, the gut activity inltially
declined but shortly thereafter gave way to a temporary period
of increamased rhythmic contraction and tonus. The venous out-
flow, upon de-occlusion, was 1lnltially fast, but rapidly

decreased to the pre-occlusion level. In fig. 27 B, the gut

responded vigorously to both occlusion and de-occlusion of

the venous outflow; shortly after the venous occlusion the

gut exhibited a marked tonic contraction which lasted for
about three minutes, then followed by & return to the normal
tonic level and subsequent increase mainly in the rhythmic
contractions. Upon de-occlusion, tiere occurred another

viporous motor reaction very similar but of shorter duration

than that evoked by occlusion.

c) Combined Arterial and Venous Occlusion:

The reactions of the gut to slmultaneous arterial and

venous occlusion resembled to a great extent those Induced

by simple occlusion of the arterial inflow. Thus, 1t is
shown in fig. 28 that snortly after the combined occlusion,
the tonus rose very abruptly to beyonc the limits of the-
recordér then fell to a subnormal level, with almost com-
plete qulescence which persisted for the remainder of oc-
clusion. During this period of double occlusion, i1t 1s

noteworthy that the intra-arterial pressure decreased
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Figure 28, Illustrates effect of combined arterial and venous
occlusion on intestinal motor activity. Tracings from
above downward: time in minutes; venous outflow drops;
venous outflow plotted in drops per minute; INTEST. in-
testlnal contractions; A.FR. arterisl pressure. Sinmul-
taneous ordinates marked by arrows.

gradually from 75 to 15 mm. llg. Upon simultaneous arterial
and venous de-occlusion, the ;ut, after a btrief latency,

resumed lts motor activity with a decided increase 1n the

strength of the rhythmic contractions above normal, and th :
venous outflow returned initielly at a supra-normal rate then
gradually decreased to almost the pre-occlusion level.

Another record of combined venous and srterial occlu;ion
1s shown in fig. 22. Here, unlike the effects seen in fig.

28, there was no initial motor reaction to the occlusionj;

however, the gradual drop of intra-srterial pressure was

— s L A
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evident, as it was in fig. 28, in spite of the fact that there
were neither venous outflow from the loop, nor arterial in-
flow into the loop (except for the small volume from arterlal
manometer). The double occlusion also caused an Immediate
but temporary rise of the venous pressure which colncided
with the onset of the gradusal drop of the intra-arterial
pressure. This temporary elevatlon of the venous pressure
is to be attributed to a transmisslion of blood from the
arterial to the venous side as a consequence of the arterisal
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Figure 29.

Illustrates effect of combined arterial and
venous occluslon on the intestinal motor activity.

Tracing from above downward: time in minutes; venous
outflow drops; signal line; U. intestinal contractlions

from upper end of loop; V.P. venous pressure recorded
by membrane manometer; A.P. arterial pressure; L. in-

testinal contractlions from lower end of loop; zero
line. Simultaneous ordinates merked by X.

tonus. Spon after the arterial pressure reached an almost

steady level, the venous pressure also gradually declined to

a subnormal level. Thls secondary drop in venous pressure

may be ascribed to a vasodilatation limited to that portion
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of the venous system beyond the valvular reglon of thé sub-
mucosal venous plexuses, or to loss of flulds from the blood
into tlie tisswe . [ careful examination of the figure also
reveals that there occurred a very slow and slight decrease
in the arterial pressure during the later stages of occlusion.
This may be attribtuted to a dilatation of the vascular bed,
to the gradual decline of tonus or to loss of fluids from
the blood or to all three factors.

De-occlusion of the arterial inflaw, while malintaining
venous occlusion, caused an immediate return of the perfusion
pressuré to normel and a sudden, almost simultaneous steep
increase of the gut tonus and rhythmic contractlons; the
venous pressure rose sharply to a level considerably higher
than normal. De-occlusion of the venous outflow (three
minutes laster) caused an immedlate drop of the venous pressure
to normaly, the gut tonus gradually decreased and the rhythmlc

contractions increased in strength to above ncrmal. The

blood outflow returned immedlately, first at a markedly

supranormal rate, then decreased very gradually toward

normal.

The fact that de-occlusion of the arterial inflow,.during
the maintenance of venous occlusion and apparent stoppage
of flow, caused a stimulation of the gut motility would
appear to constitute conclusive evidence that thls motor

reaction was due to the stimulating factor of the sudden

blood pressure elevation. Iowever, there still remalns ﬁhe
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possibility of an actual arterial inflow, followling arterial

de-occlusion, sufficient to distend the dilated vessels.

In order to investigate thls point quantitatlive determinations

of the arterlal inflow during the period of venous occlusion

were carried out by the drop method (III, fig. 2). The

results are shown in fig. 30 A. Here, the arterial manometer

tube was closed off preceding the occlusions iIn order to
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Figure 30. Illustrates occurrence of arterial inflow during
maintenance of venous occlusion. Tracings from above
downward: arbterial inflow and venous outflow reco rded
by thermopile; intestinal contractions from both ends
of loop; A.PR. arterial pressure (arterial manomeﬁer
tube was closed off previous to the occlusions and de-
occlusions); ZL. zero line; venous outflow drops; time
in minutes. Simultaneous ordinates marked by X. In A{
arterial inflow was also followed by d4rop recorder during
a part of the procedure; t e inflow drops (22 drops =
1 cc.) are shown on zero line end were plotted on curve
(with circles) shown at top of record. U?on comb%ned
erterial and venous occlusion the thermopile tracings, 1in
botrh A and B, dropped to thelr base lines (off scale).
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prevent any movement of fluid out of or into the manometer

upon arteriel oc clusion or de-occluslon, respectively. Com-

bined arterial and venous occlusion under t hese conditidns

led to gquiescence of the gut, to decrease of tonus and to an

immediate drop of both the arterial and venous flows (beyond

the scale of thermopille recorders). Upon de-occluding the »

artery (OFEN INF.) there occurred an almost immediate stim-
ulation of the gut; however, while no inflow was reglstered
by the thermopile (off scale), the drop recorder showed'én

actuasl arterial inflow into the loop even though the velin was

still occluded. This inflow (plotted in the figure) was

initially very hign then dropped rapidly fto a fairly steady

low level. A similer result is also seen in fig. 30 B where,

with the venous outflow still occluded, the thermopile 1nflow

curve registered an actual temporary flow of arterial blood

into the tissue upon arterial de-occluslon. However, the

inflow decreased gradually to beyond the scale of the re-

corder, but in all probablility this does not represent com-
plete cessation of inflow as suggested 1n part A,

These experimental data indicate, therefore, that while

the motor response induced in the gut by sudden arterial
de-occlusion may be attributed to a stimulus inherent iﬁ the
sudden pressure change (venous and arterial), it cannot Dbe
denied that the attendant Inflow of blood may also be & con-
tributing factor in the elicitation of this motor response.

The occuriere of an actual inflow of arterial blood
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despite the maintenance of venous occlusion might represent
the blood reguired to fill the vessels previously dilated
as a result of the preceding double occlusion. In this
case one might expect that once the vessels were filled, t he
inflow would stop. It is of interest to note, however, that
in fig. 30 A, this inflow persisted for a relatively long
period (6 minutes). From this, one may tentatlively conclude
that the arterial iInflow upon arterial de-occlusion (with
vein occluded) does not simply represent the blood necesssary
to fill the previously dilated vessels, and that it must be
explained on some other basis. In support of thils conclusion
are the results of experiments in whilch the 1Inflow was
measured by drops immediately following and throughout =a period
of simple vernous occlusion. Such results are shown in fig.
31, which demonstrates that while the arterial 1Aflow de-
creased markedly but gradually, 1t did not cease entirely
but continued at & low and relatively steady level throughout

the period of venous occlusiop (6 minutes). The continﬁation

of the inflow under such conditions raises another important
quest ion, namely, where does it go? Three possilble explena-
tions can be cilted in answer to this question: (1) it may
be due to some vasodilatation occurring continuously during
the perioa of oecclusion, (2) it may be due to =a cont inuous

fast seepage of flulds from the blood into the tissue con-

sequent upon the rise of venous pressure, (3) it may be due

to progressive opening up of more vessels especlally 1in

R A R SRR R R e T
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Figure 31. Illustrates continuation of arterial inflow follow-

ing venous occlusion. Tracing from above downward:
arterial inflow and venous outflow recorded by thermo-
plle; intestinal contractions from upper end of loop;
A.PR. arterial pressure; intestinal contractions from
lower end of loop; 2ZL. zero lline; venous outflow drops;
time in minutes. Arterial inflow was also followed by
drop method, the inflow drops eare plotted on interrupted

curve. Arteriasl and venous thermopile tracings went
of f scale upon venous occluslon.

submucosal venous plexuses with resultant pooling of blood

thereln.

Discussion:

Arterial Pressure Variatlons: With the exception of

Mall's work on the perfused lsolated loop of the dog's small
intestine, almost all of the experimental investigations
reported in the literature concerning the effects of vafiations
in the arterisl pressure on the intestinal motility were
carried out on the tlssue 'in situ'. Van Liere et al (1944)
observed s significant increase 1in the motility of the dog's
small intestine upon hemorrhaging the animal; they attributed

this to a stimulation of the parasympathetlc system by
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hemorrhage, rather than the sympathetic. On the other hand,
Hamilton et al (1944), using unanesthetized dogs with chronic
duodenal f1stulae, found that reduction of the general blood
pressure to 54 mm. Hg by hemorrhage caused a sharp reduction
in the duodenal tonus, and at about 40 mm. lig peristaltic
movements were usually abollished. Wakim and Mafson (1945)
also observed that during bleeding, and for some time there-
after, the movements of small ‘intestine of unanesthetlzed
dogs diminished gradually until all actlivlity ceased upon
withdrawal of about 80% of the blood volume. None of the
above authors, however, attempted to determine the varilous
factors involved in influencing the intestinal motility during
hemorrhage viz: extrinsic nervous and humoral factors as
well as factors of intrinsic origin in the tlissue 1itself.
Mall (1896) observed that sudden lowering or raising the
perfusion pressure induced chasracteristic responses in per-
fused isolated loops of the small intestine of dog consisting
malnly of temporary rise of tonus; however, he offered no

explanation for such motor responses.

OQur experimental results on the isolated perfused loop
point to the exlstence of two distinct but separate factors
which participate in influencling the motor activity of the
tissue upon'altering the arterial pressure: (1) variations

in the volume flow of blood consequent upon the pressure change,

and (2) the change in the arterial pressure per Se.

Thus, the predominant increase or depresslon of the
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motor activity consequent upon ralsing or lowerlng the
arterial pressure respectivel; may be sttributed to the -
attendant 1ncrease or reduction 1n the volume flow of blood
to the tlssue. But, the initial transient motor responses
irmediately following sudden raising or lowering tﬁe arterial
pressure (figures 20 C, gX and 23) are best explained as due
to a meclanical stimulating influence inherent in the blood
pressure change. That this should be the case, 1s not sur-
prising in the light of the physiological properties of smooth
muscles of the tissue to respond to the various mechanical

stimuli. In support of such & conclusion the following ex-

perimental evidence is of importance:

1) The rapidity of the onset of increase in the motor
activity, following afterial pressure elevation, (fig. 20 A)
is highly suggestive that the stimulation 1s cne of mechan-

ical type rather than due to t e attendent.increase in the

blood flow. If this be so we may, then, attribute at least

the initial increase in the motor activity to a mechanical

stimulation induced by the sudden pressure change; the main-

tenarice of such increased activity under the elevated pressure

(fig. 20 A and B) may be ascribed to the added influence of
the continuation of the augmented volume flow of blood.

2) The Sharpness and transiency of initieal motor and tonic
lncrease resulting from the sudden elevation of the artsrial

pressure (figures 20 C and 23) alsoc poilnt to the involvement

of a strong, raplidly acting and transient mechanical stimulation.
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This transiency of the initial motor response 1s in accord

with the well pronounced adaptive power of the intestinal

muscle to mechanical stimuli. Further, 1t is of prime sig-
nificance to note, in fig. 20 C, the distinct similarity

between the motor response to sudden lowering and to sudden

reising of the arterial pressure. Such motor responses can
hardly be explalned on the basis of the attendant alterations

in the blood supply since they were evoked by both increasing

and decreasing the blood flow.

3) The fact that the magnitude of the motor response 1s
conditioned by the rate of change (or gradlent) in the per-
fusion pressure {(figures 21 and 23) stands in opposition to
the interpretation that such response is due solely to the
change in velume flow of blood. Thus, the results shown

in figures 21 and 24 indicate that with a slow rate of change
of arterial pressure adaptation occurred so there was little
or no motor response, whereas a sudden change elicited a
pronounced response even though the ultimate value of the
blood flow was qearly the same under both conditions.
liowever, while this explanation might appesr %to eliminaée

the blood supply as the essential causatlve sgent, and 1s

highly suggestive that it 1s the mechanical factor in the
gradient .of pressure change which is the essential feature,

it does not dismiss the gradient in blood flow as a contribut -
ing cause. That the latter 1is highly unlikely, however, 1s

demonstrated by the results shown in fig. 21 where it is



87
seen that, although the gradients of cnange 1in the blood
flow were the same for both a gradual and a sudden pressure
elevation, & motor response was eliclited only by the rapid
blood pressure elevation. In this case, therefore, the blood
flow gradient could not have been the exclting factor and
may be ruled out, and the motor respcnse must then be at-

tributed to the mechanical Influence of the pressure gradlent.

Venous Pressure Varlations: In the interpretation of the
effects of alteration in venous pressure on the intestinal
motor activity, we find experimental evidence similar to that
described above for arterial pressure variatlions. Thus,

just as in the case of arterial pressure changes, sudden
elevation and lowering of the venous pressure (fig. 25 D)
evoked a motor response in the gut, while gradual change
failed to do so. Further, it 1s noteworthy that aside from
the initial stimulatory action of sudden elevation of wvenous
pressure, the malntenance of the high pressure malntalned

the gut activity at a supranormal level. Because of the:
fact that durilng the period of elevated venous pressure fhe

blood flow diminished, the increase in gut activity canndt

be ascribed to an increase in the blood supply. Therefore,

1t may reasonably be concluded that the venous pressure Eer

se constitutes an important influence on the motor activity

of the intestine. This phenomenon may be of extreme sig-

nificance in the intact animel since a rise in the portal
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venous pressure would cause an enhancement of the gut move-

ments. Such enhancement would, in turn, as hes already been

shown, lead to an increase in the propulsive (pumping) force
of the intestinal rhytnmic contraction on the blood flow

agalnst the high pressure in the portal veln.

From the foregoing considerations, then, 1t ls evident

that, while fully recognizing the importance of the attendant

cnanges in the volume flow of blood, the experimental evi-

dence is highly indicative that alteratlions either in the
arterial or venous blood pressure per se evoke character-
istic motor reactions in the gut, and thet in these motor

responses both the rate and the magnitude of the pressure

change are important determinants. Such responses may arise
from stimulation of the myenteric plexuses. Thne work of
Thomas and Kuntz (1922) and others have demonstrated that
these plexuses are highly specialized local reflex centers
for the intestlne. It may be, however, that such motor
responses to blood pressure changes are entirely of myogénic
origin.

Arterial and Venous Occlusions: In the interpretation of
the effects of arterial and venous occluslions, singly or to-
gether, the motor responses of the gut may be attributed to
the same determlning factors as those described above for
alterations in venous and arterisl blcod pressure, namely:

(1) the attendant changes in the volume flow of blood, and (2)

the arterial or venous pressure changes per Se.
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Arterial Occlusion: The predomlinant depression of the
motor activity induced by arterial occlusion 1s ascribed mainly
to the stoppage of the arterisl supply to the tissue. Similar-
ly, the inlitial transient increase in gut activity subsequent
to arterial occlusion (fig. 26 A) may be attributed to an
inltial temporary stimulation induced by anoxemla of the
tlissue; however, here, the attendant decresse irn the arterial
pressure per se may also paerticipate In the elicitation of
this initial stimulation. On the other hand, the initial in-
crease in the motor activity consequent upon arterial de-
occlusion is, in all probability, due malnly to the mechanical
stimulus inherent in the sudden elevatioﬁ of srterial pressure.
The promptness, sharpness, and transiency of this initial
motor response to de-occlusion are strikingly similar to those
of the response 1nducea by sudden elevations of the arterial
pre ssure described above (flg. 20 C). The maintenance of the
normal activity of the gut following arterial de-occlusion 1s
attributed here to the restoration and maintenance of the
normal blood supply to the tlssue.

Venous Ccclusion: In the lipght of the evidence described
above, concerning the effects of venous pressure alterations

(fig; 25) the increase in gut activity resulting from venous

occlusion, may best be attributed to a stimulating effect
of the elevatlon of venous pressure per se. The 5reat sim- ’
ilarity between the effects of venous occlusion (fig. 27 B)

and those of sudden elevation of venous pressure (fig. 25)
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lend further support to the contention that the stimulation
of gut activity during venous occlusion 1s induced by the rise
of venous pressure'per se. Thet this maintained lncrease
in Fut activity cannot be due to the attendant reduction
in the blood flow is indicated by the finding that a similar
reduction in the arterial flow 1nduced by other means, e.g.
lowering the arterial pressure, usually, not only falled to
elicit any similar response, but slso led to predomlinant
depression of the gut activity and tonus.

The striking difference between the motor response in-
duced by venous occlusion (predominant enhancement) and that
evoked by arterial occlusion (predominant depression) may be
of particular significance in relation to possible differences
in the excitabllity of the tissue under these conditlons.

It is well recognized that tension on muscle alters 1its
excltability; it may be then, that the malntained tension
within the blood vessels {(by arterial pressure) during venous
occlusion serves to elevate, or at least to malntain, the
excltability of the gut to 1ts inherent rhytnmic stimulus,
whereas during arteriael occlusion the excitabllity decreases

because of the absence of the tension in the blood vessels.

Combined arterial and venous occlusions: The moitor reactlons

of the gut to simultasneous venous and arterial occlusion and
de-occlusion (fig. 28) are attributed to the same factors
described above for simple arterial occlusion, namely (1)

the cessation of arterial supply to the tissue, and (2) the
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arterial pressure changes per S6.

‘In the e#planation of the motor responses induced by
de-occluding the arterial supply only, (vein still occluded)
after a period of double occluslion (fig. 29), three factors
may be considered viz. (1) sudden rlse of venous pressure
to strikingly supra-normal levels and lts maintenance there
until venous de-occluslon, (2) sudden rise of arterlal pressurs,
and (3) limited inflow of blood. Thus, the initial stimu-
lation of the gut upon arterial de-occlusion may be ascrlibed
to the sudden rise of arterial or venous pressure, oOr to
both. The maintained activity during the venous occlusion
is, in all probability, due to the malntalned supra-normal
venous pressure and the possible resultant enhancement of
excitability. The possibility thet the very limlited arterial
inflow following arterial de-occluslon may contribute to this
motor response canrot be categorically denled. DBut, it 1is
of éarticular interest that, while the motor ectivity and
tonus during this maintalned venous occlusion is distinctly

supra-normal (fig. 2¢), the Inflow 1s almost nil . This 1is

highly suggestive that the blood pressure (venous and arterial)

are the main responsible factors.

In summary t hen, the experimental data, described and
discussed;above, indicate that the motor activity of the éut
is markedly modified by arterial and venous blood pressure
alterations per se, as well as by alterations in the blood

flow. It is a¥so of particular significance that the increase
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in the rhythmic contractlions, consequent upon the rise of
venous pressure (during venous occlusion) leads, in turn,
to further elevation of the venous pressure by virtue of the

{ncreased propulsive power exerted upon the venous blood flow.

ITT VASCULAR REACTIONS TO ALTERATICNS IN PERFUSION PRESSURE
In addition to inducing motor reactions in the gut, our
experimental results indicate that sudden alterations in
the arterlal pressure also evoked reactions in the intestinal
vascular walls. Thus, in fig. 32 A, sudden elevation of
the arterial pressure from 48 to 72 mm. Hg caused an imméd—
iaste increase in the blood outflow of about 400%. This in-
creased flow of blood under the elevated pressure was main-
tained for about one minute then gradually diminished, in
three and one-half minutes, to a steady level only sligntly
higher than that obtaining previous to tne pressure applica-
tion. The gut activity, which was relatively weak through-
out this record, was not apparently affected by the pressure
elevation except for a very sllight and very cradual rise of

tonus, followed again by return to exactly the pre-elevation

level. The changes in the blood flow followlng the arterial
pressure elevation, therefore, cannot be ascribed to any
changes in the mptor activity or tonus of the gutb. Under
these condltions, the fact that the blood flow had returned
to almost the pre-slevation level in splte of the maintenance

of the higher arterial pressure, can only mean that the
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Ficure 32. ITllustrates vascular reactions to alterations
in perfusion pressure. Tracings from above downwsard:
time in minutes; venous outflow drops; U. intestinal
contractions from upper end of loop; venous outflow
plotted 1In drops per minute; diagrammatic representation
of vascular celiber (clrcles); A.P. arterial pressure;
L. intestinal contractlcns from lower end of loop. In
A, arterial pressure was ralsed suddenly from 48 to 72
mm. Hg, in B from 42 to 90 mm. Hg. In C, arterial
pressure was lowered from 100 to 45 mm. Hg.

_blood vessel caliber has decreased to less than that obtalning
before the pressure elevation. .
Similar results from another experiment are shown in
part B of the figure. Ilere, sudden elevation of the arteriel
pressure from 42 to 90 mm. Iig caused an initlal marked in-

crease (about 300%) in the blood flow, which, as in part A,
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then gradually decreased to a steady level slightly higher
than the pre-elevatlon level. Here, too, the gut was gulescent
throughout the procedure except for only a slight incresase
in tonrnus upon the pressure elevatién, which observetion
acain excludes any change in gut activity as an essentlal
causal factor for this secondary decrease of the blood flow
during the malntained elevation of the pressure.

Typilcal effects of a sudden lowering of the arterial
pressure sre illustrated in fig. 32 C. Here, a sudden drop
of the pressure from 100 to 45 mm. Hg caused an immedlate
preclipltous decrease of the venous outflow to about one-fifth
of the pre-lowering value. This low flow was malntalned for
about 30 seconds, then gradually rose to a new steady level
of about one-half the originsl value. Here, as 1n parts
A and B of the figure, the pressure lowering did not cause
any significant change in the gut activity except for a slight
drop in tonus which may represent a passive change in the
gut volume resulting from the lowered arterlal pressure.
Any possibility that the secondary increase 1n the blood flow

might be due to alterations in the gut activity or tonus

is, therefore; ruled out and sucﬁ changes in the flow must
be attributed to & gradual increase in the vessel callber.
Discussion:

The question of whether the blood vessels react passively
to alterations in tée arterial pressure or are capable of

active tonlc responses to such pressure alterations, has



95

long been debated. Bayliss (1902) in experiments on strips
of carotid artery, as well as in plethysmographlc experlments
on the small intestine and hind limb of tae dog, clalmed he
rad demonstrated an actlve vasoconstricteor response to an
clevation of the intra-arterlal pressure. lle steted that
the musculature of the arterial walls reacted according to
tthhe intra-vascular pressure; they relaxed when the pressﬁre
was decreased and constricted when the pressure was increased.

v. Anrep (19213), however, maeintained that these responses,
described by Baylliss, were due to the release of humoral and
chemical substances into the blood. Thus, he ettributed the
vasoconstriction following the elevation of the arterial
pressure to a stimulation of the suprarenal glands and sub-
sequent discharge of adrenalin in the clrculation which then

caused the observed constrictlon; in his experiments he found

that extirpestion of the suprarenals led to the disappearance
of this vasoconstrictive reaction. Ie attributed the vaso-
dilatation following the lowering of the arterial pressure
to an asphyxial effect induced by the attendant decrease

of the blood supply and the resultant formation of vasodilator

metabolites.

In our experiments it is evident that any vasoconstrictor

influences ascribed, in the intact animal, to adrenalin have

been excluded sinée the perfused loops were entirely isolated

from the general cilrculation. In these experiments also,

the possibility of any vasodilatation arising from tissue
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asphyxia 1s remote since In many cases the diminution of the
blood flow upon lowering the perfusion pressure was in-
sufficlent as to csuse any anoxic effects.

In the interpretation of our experimental results, the
question arises as to whether the observed blood flow changes
consequent upon the pressure alterations might be explalned
merely on the basls of passive elasticity of the vascular
walls. Thus, the initial increase of the blood flow upon
sudden elevation of Fhe arterial pressure can be attrlbuted
to passive distension of the blocd vessels of the loop by
virtue of their elasticity. The secondary decrease of the
flow, however, can hardly be explained on the basis of elastic
property of the vessels, slince the malntenance of the ele-
vated arterial pressure should leadto the maintenance of the
distended condition. Furthermore, the facts that : (1) the
initial augmented flow was maintained for about one minute
(part A) before the secondary gradual diminution began, (2)
this gradual diminutlon continued for a relatively long

period (3 1/2 minutes in part A) before a steady low level

of flow was attalned, would exclude the possibillity that

such secondary decrease in flow was due merely to a passive
reaction to an overdistended elastic vessel. We may be
justified, therefore, in attributing the secondarydecrease

of blood flow, during the maintenance of the elevated arterilal

pressure, to an actlive constriction in the vascular bed 1n-

"duced locally by the sudden vascular distension. To 1llustrate
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hese reactions, the vascular caliber has been represented
diarramatically in the fligure by circles of different dla-
metbers. In & and B the caliber has been increased by elevation
of the pressure, this distension constituting a stimulus to
thie vasculaesr musculature which caused an active constriction
resulting in gradual narrowing of the vasculsar callber to
below that obtaining before the elevation of pressure until
a steady state is attained.

The interpretation of the changes in blood flow con-
sequent upon sudden lowering of the arterial pressure to new

steady levels, led to similar conclusions. Thus, the initlal

decrease in blcocod flow 1s attrituted to a pessive decrease

ol the vascular caliber while the secondary gradusl increase

is due to an ascitive vasodilation. The occurrence cf such a

Ssecondary increase in flow cannot be explalined on the basis

of a passive reaction in the vascular elesticlty since such

reactlion would result in the malntenance of the initial de-
creased flow as long as the arterial pressure remains lowered.

In summary then, the experimental evidence presented

above, Jjustifies the conclusion that the intestinal blood

vessels are capable of actively changing their tone in re-
sponse to sudden alteraticns in the intravascular pressure.
These vascular responses must be of local origin, and may
be Induced by the mechanical stimulation inherent in the

alterations in the intra-vasculsr pressure.
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be induced by the mechanical stimulation inherent in the

alterations in the intra-vescular pressure.
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v INFLUENCE CPF TULSATILE PRESSURE ON INTESTINAL HOTILITY
AND INTESTINAL BLIOD FLOW
Plain muscle is very responsive to mechanicel stimulil;

one may well suppose, therefore, that the mechanical stim-

ulation inherent in the pulse pressure changes within the

blood vessels might exert an exceedingly important influence

on the smooth muscle of the intestine, and perhaps on the

vascular wall 1tself. Surprisingly enough, an examination

of the literature reveals no experimental data or information

on this basic gquestion.

The experiments presented below were undertaken to study
the effect of pulsatile perfusion pressure on both the in-
testinal motility and the intestinal blood flow. Ior appli-
cation of pulsations to the perfusion blood a simple valve-
less pump with modifiable rate and stroke was employed (see
Methods) .

For purpose of convenlence, the experimental results
are divided into (a) effect of pulsations on intestinalA
motility and (b) effect of pulsatlions on intestinal blood

flow.

(a) EBffect of pulsations on Intestinal Motility:

Shifting from constant to pulsatile perfusion pressdre
usually caﬁsed marked changes in the motor activity of the
loop; typicsl results are shown in filg. 33. In part A of
this figure, shifting from conétant to pulsstile pressure.

caused, after a relatively long latent period (50 seconds),
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an initlial temporary rise of tonus followed by a sudden

of fonus ;
droppand a considereble decrease in the amplitude of the
raiythmic contractions; the venous outflow diminished markedly
throughout the period of pulsations (totel @ minutes).

Shiftine back to constant pressure (part A" of the figure)
<

caused, after a latency of about 50 seccnds, & reverse of

Fipure 33. Illustrates influence of pulsatile pressure on
intestinal motility. Tracings from above downward:
time in minutes; venous outflow drops; U. iIntestinal
contractions from upper end of loop; venous outflow
plotted in drops per minute; V.P. venous pressure (in
B); L. intestinal contractions from lower end of loop;
A.P. arterial pressures, with arrows pointing to
beginning and cessation of pulsations. Fart A" is a
continuation of 4; 3 minutes of the recording between
A and A" has been omitted for convenlence of repro-
duction.
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these canges 1in the gut motility as well as

in the blood
flow: the rhyttmic contractions and tonus increased markedly
tnen greduslly decreased toward the pre-pulsstiorn level¥
tne blood flow returned gradually to the original level.

Parts B and C of the figure, derived from two otler exper-

Iments, show s imilar reactlions upon shif{ting to pulsatile

pressure, wWith the exceptlon that the Initial temporary rise

of tonus, observed in A, was missing in part B.

The fact that, in this figure (33), both the blood flow
and fut activity decreased during pulsations, suggests that
these changes mlght be interdependent, i.e., pulsations
caused primarily & decreasse In the blood flow which, in
turn, led to the reduction in the motor activity, or vice
versa. l!lowever, the results shown in fig. 34 demonsirate
that pulsastions csused opposite changes In the gut activity
and the blood flow. Here, as in filg. 33, the rhythmic activity
of the loop was markedly depressed upon shifting to pulsatile
pressure but the blood flow wasidefinitely increased, and
egain, as in figp. 33 A and A", these changes were reversed
by shifting back to constant perfusion pressure. It 1is évi—
dent, therefore, that in this case the reduction in gutb

activity under pulsatile pressure cannot be attributed to

any decrease In the blcod flow. Thus, we may be justified

in attributing the reduction in the gut activity incuced by
! -
pulsstions s shown in this figure, and probeably that 1n

fig. 33, to an inhibitory influence of pulsations acting
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Figure 34. Illustrates influence of pulsatile pressure on
intest inal motility. Tracings from above downwerd:
arterial inflow ang venous outflow recorded by thermo-
pile; intestinal contractions from upper end of t he
loop; A.PR. arterial pressure (40 mm. Hg mean pressure,
constant and pulsatile); intestinal contractions frocm
lower snd of loop; zero line for arterial pressure;
venous outflow drops; time in minutes. Simultareous
ordinates marked by X. Mean arterial pressure is the
same throughout the record.

directly on the Intestinal smooth muscles, or through local
reflexes mediated by the myenteric plexuses. The exact

nature of this inhlbitory influence 1s not known, but it

may be speculated that the underlying factor is an inklbltory
stimulus inherent elthner in the mechanical changes of the

pulsations, or in some physico-chemical change 1n the blood

conseguent upon agitati:n, or alterations in diffusion

properties.



102

(v) Effect of Pulsations on Intestinal Blood Flow:

Shifting from constant to pulsatile perfuslon pressure

caused, in many instances, definite changes 1in the blood

flow independent of elterations in the motor actlvity or

tonus of the gfut. Tihwus, in fig. 35 A, pulsations caused
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Fipure 35. Illustrates influence of pulsatile pressure on
intestinal blood flow. ITracings from above downward:
part A: time in minutes; venous outflow drops; venous
outflow plotted in crops per minute; U.END intestinal con-
tractions from upper end of loop; V.PRES,., venous pressure;
A.PRES. arterial pressure; zero line for asrterlial pressure;
L.END intestinal contractions from lower end. Fart B:
arterial inflow and venous outflow recorded by thermo-
pile; A.PR. arterlal pressure; intestinal.contractions;
venous outflow drops; time in minutes. Slmultgneous
ordinates marked by X in both A and B. Beginning and
end of pulsations indicated on arterial pressure tracing.

Throughout each record meen arterial pressure was the
same. ‘
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a predominant diminution of the blood flow, followed by a
return Yo normal upon shiiting back to constant pre ssure.
tlere, 1t is to be ncted tlat tiie gut was qulescent through-
cut the record and consequently thle blood flow changes must
be attributed to alteratlions 1In the vascular tone itself.
In contrast to the results in part A, pulsations, in part B
of this figure, casused a predominant reversible increase in
the blooéd flow (inflow end outflow) of about 30%. Hereyagain,
these changes must be ascribed solelv to vascular reactions
since the gut asctivity and tonus were unaltered throughout
the record.

In many instances the vascular reaction to pulsatlle

pressure conslisted of a combination of the two opposite
effects just described in fip. 35 A and B Trus, in fig. 36,

application of pulsations caused an 1nitial slight increase

in both the inflow and outflow, followed shortly thereafter
by a very pronounced and more prolonged decresse (of about
30%), which Fave way rradually to a predominant increase

about 40% above the pre-pulsation value. Shifting back to
constant pressure led to grudual return of flow toward normsl.
In this figure, as in fig. 35 A and B, neither the gut
activity n;r tonus were significantly affected by applicgtion
or cessation of pulsation, w'lch observation indicates that
the blood flow changes must again be ascribed to changes

in the vascular tone itself.
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INFLOW
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Pipure 36. Illustrates Influence of pulsations on intestinal
blood flow. Tracings from above downward: arterial
inTlow and vernous outflow recorded by tnermopile;
erterial pressure, intestinal contractions from one
end of the loop; zero line for arterial pressure;
venous outflow drops; time in minutes. Simultaneous
ordinstes marked by X. Beginning and end of pulsations
indicated on arterial pressure tracing. DMean arterilal
pressure same for constant and pulsatile presure.

In an attempt to further eliminate the effects of gut

motility on the blood flow in these experiments, a so lution
of atropine sulfate (0.08 mgm.) was injected by a hypodérmic
needle into the inflow tube near the arterial cannula. The
results of such procedure are shown in parts A and B of

fig. 37,

which illustratethe responses of the gut and blood

flow to pulsations before and after atropinization of the

loop respectively. In part A, the loop exhibited perlodic

tonlc activity under constant perfusion pressure accompanied

by periodic changes in the blood flow. Application of
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pulsations caused, after a latency of about 40 seconds, a
temporary initisl decrease of tonus and cessati.n of ruytimic

contractions attended by a temporary sharp increase in tne

INFLOW
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Figure 37. Illustrates influence of pulsations on intestinal
blood Clow before snd alfter atropinization, A and B
respectively. Tracings from above downward: arterial
inflow and venous outflow recorded by thermopile; A PR,
arterial pressure; intestinal contractions; zero line
for arterial pressure; venous outflow drops; time in
minutes. Simultaneous ordinates marked by X. In both
A and B, same magnitude and rate of pulsations were
used. In B atropine sulfate (0.08 mgm.) was administered
intra-arterially.
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blood flow., There tler occurred a tonle contraction similar
to those observed under constant pressure, followed by e
drop of tonus and a 8lipght decrease In the rhythmic contractions
wnich was maintained for tie remalnder of the period of
pulsations. Loth the arterial and venous flows were pro-
foundly decreased to muci» below the pre-pulsation value,
end while the flow, ther, gradually increased to a relative-
ly steady level durins the remminder of the pulsation period,

normal levels were not attained until after +the cessation of

pulsations. The gut activity showed no recovery until some

minutes after shiftinc to constant pressure. In this pro-

cedure, therefore, 1t is evident that the predominent effect
of pulsation wss to decrease the blood flow very appreciably.

In part E of the figure, atropinization of the gut caused

a brief and slirht tonic stimulation accompanied by a slight

temporary decrease of the blood flow; the gut remained com-

pletely quiescent throughout the rest of the record. After

the establishment of a steady state of blood flow and cut
qulescence by this atropinization, shifting from constant

pressure to pulsat ile pressure caused a much less pronounced

initial depression in the blood flow but an enhanced late

augmentation.

In comparing records A and B of figure 37 it 1ls evident

that whereas the predominant response to pulsatile pressure

before atropinization was a profound depression of flow, the

predominant response after atropinization was an augmentation
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of flow. It 1s to be noted, however, that there are soﬁe
points of similarity between these two parts A and B of -
thilis fipgure, namely an iInitisel increase in blood flow under

fulsations follewed by o decrease, both of whicn changes

are more pronounced in A than in

ve

From these findings, it may be sugspested that atropilne
nad acted differentially on two antagonistic mechanisms in-
volved in the response of the vessels to pulsations: (1)
it paralyzed, at least in part, ‘a vasoconstrictive mechanlsm,

and (2) it left ar augmentative or vasodilator mechanism un-

affected. As a resultof such differential action of atropine,

pulsations, applied to the atropinized sut, caused a pre-
domlrnant increase in the flow. However, the persistence of
some Initlal vasoconstriction asfter atropinization (fig.

37 B) indlcates that thne paralysis o{ the vasoconstrictive

mechanism was not complete.
The results shown in fig. 38 1llustrate further the
vascular responses of another atropinized loop to pulsations.

iere, as in fip. 37 B, pulsations caused an initial temporary

but more prorounced decresase of the blood flow, followed by

a gradual Increase to above the pre-pulsations level. Cessation
of pulsations led to a relatively prompt and gradual decrease

in flow to a subnormal level followed by a slow return to

normal. Throughout this entire procedure the gut remained

relatively qulescent.
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Flrure 38. Illustrates influence of pulsations on blood
flow of an atropinized intestinal loop. Tracings from
above downward: arterial inflow by thermopile; venous
ocutflow plotted in drops per minute, and recorded by
thermoplile; intestinal contractions from upper end of
the loop; A.FR. arterlal pressure (mean 80 mm. Hg
throughout record); intestinal contractions from lower
end of loop; zero line for arterial pressure; venous
outflow drops; time in minutes. Simultaneous ordinates
marked by X. Hange of pressure clunre in pulsations

was 12 rm. Hgo.

)

In the experimentsAdescribed ebove no attempt was made
to determine quantitatively the effect of variations in -
the magnitude of the pulsatile pressure either on the blood
flow or on the iIntestinal motility. It is of interest to
ncte, however, that liocoker (1¢10), in hils work on the blood

flow and urine formaetion in the perfused kidney, observed

that the rate of t-e blood flow varied directly with the




10¢
magnitude of the pulse pressure. Gesell (1913), on the
other hand, working on the iIntact kildney found that the biood
flow through this organ was not significantly altered by

changlng from constent to pulsatile pressure or by varying

the magnitude of the pulse pressure, (the gquality ol urine

was, however, appreclably affected thereby). Reingold (1¢28)
stated that application of pulsation to the perfusion blood

in the rabbit's ear usually caused an increase in the flow,

which he attributed to an active vasodilator response of the

arterial walls.

Conclusions:

The experimental data presented above justify the follow-

ing conclusions:

(1)

Shifting from constant to pulse pressure causes a deflnlte
inhibitory influence on the motor activity of the small in-
testine; not infrequently such inhibition is preceded by an
initial stimulating action.

(2) This motor response to pulsations is noct necessarily
dependent on simultaneous changes in the blcod flow, but is
evidently induced by a direct action on tine smooth muscles

of the intestinal wall, or 1s mediasted through the myenteric
nerve plexuses.

(%) The experimental results indicate that while pulse
pressure may markedly affect the motor activity of the small

‘ntestine, 1t is not essential for the maintenance of the

motor activity.
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(4) Shifting from constant to pulsatile pressure causes
definite changes 1n the vascular tone in the small intestine.
The most common vascular reactlion is 2 combination of an
initial vasoconstriction and a secondary vasodilatation (fig.
36); occasionally these reactlons may appear separately,
i.e. pure vasoconstriction (fig. 35 A) or a pure vasodila-
tatlon (fig. 35 B).
(5) These vascular reactions are Independent of any changes
in put actlvity or tonus since they appear in the absence

of such changes (figures 35 and 36) and after elimination of

the gut activity by atropine (figures 37 B and 32); such

vascular changes must be due to a local response to pulsations.
(6) Atropine influences these vascular responses (fig. 37);
the experiments suggest a differential action of atroplne in
which a vasoconstrichive reaction to pulsations 1s, in part,
paralyzed while an augmentative or vascdilator reactlon is
unaffected.

(7) The effectiveness of the pulse pressure in eliciting
Intestinal or vascular responses may be attributed to the
mechanical stimulus inherent t;;m the rhythmic variations

of the pressure or to the physico-chemical variations in %the
blood consequent upon the agiltation, or to alterations in

diffusion'properties.
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Vv EFFECT CF ALTERATIONS IN TIL INTRALULENARY PEESSURE

Clo THID INTELSTINAL BLOOD TLCW AND INNTRSTINAL

MOTILITY

The significance of the intralumenary pressure in relation

to the intestinal motor activity has long been recognized,

and perhaps the best known phencomencon related to this subject

is the "Law of the Intestine" (Balyiss ancd Starling, 1899).

Although some question has been raised abcut the validity of

this "Law" (Alvarez, 1928), the fact remains that the intro-

duction of food in the lumen of the intestine induces character-

i1stic motor reactions in this organ by virtue of tlh.e pressure

exerted on its walls. The work of Crane and enderson (1824)

using the Trendelenburg technigue on isolated pieces of the

rabblits small intestine, has shown iliat a certain minimal
pressure within the lumen 1s essential for activation of these
intestinal pleces. Gruber and Denote (1¢2%5) found that in-
creasing the intralumenary pressure (15 to 20 cm. of water)
increased the amplitude of the peristallc waves, or evoked
sucl: waves when they were originalily absent. lowever, with
the exceptlon of some anatomical studles by Loer (1243), the
effect of varisitions 1in the intralumenary pressure on t?e
blood flow through the small intestine has been overlooked.
The aim of the experlments described below, was to

investigéte the effects, 1f any, of alterations in the

intralumenary pre ssure on the intestinal bleocod flow as

well as on the intestiral motor activity. The experiments

were performed on the isolated loops of the dog's small
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intestine set up and perfused as previously described.

Hesults

The desired zlterations in the irntralumenary pressure
were cccomplished by ralsing or lowering the pressure
bottle (fig. 3). In the preparatory procedures, the in-
testinal lumen wss washed out with Tyrode's sclution from

the pressure bottle. It is of interest to mention that_as

a result of this procedure the gut became relatively quiescent,
a reactlion which may be attributed to a removal of some
st Imulating agent present in intestinal contents.

The characteristic effects of raising the intralumenary g!

pressure are shown in fig. 3¢. In thls flgure, elevation

of the pressure from 4 to 14 mm. Hg caused two outstanding

and sudden cltanges:

(1) A sudden passive rise in the contrsaction curve, followed
immediately by an authentic lncrease in the tonus of the
loop upon which were superimposed strong rhythmic contractions

that persisted throughout the periocd of the elevated intra-

lumenary pressure.

3

(2) An immedlate decline in the sarterial inflow to a steady

level which was maintained %o the end of the pericd of 1in-

creased intralumenary pressure. The venous outflow followed

a parallel course except for an inltial QjJﬁt increase. }i
Returning the intralumenary pressure to the original

lower level (4 mm. Eg), caused an immediate passive drop
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Figure 3¢. Illustrates effect of alterations in the intra-
lumenary pressure on the intestinal motility and the
intestinal blcod flow. Tracings from above downward:
arterial inflow recorded by thermoplle; venous outflow
plot ted in drops per minute; INTEST. intestinal con-
tractions from one end of %the loop; A.F. arterial
pressure; INT.LUM.PR. intralumensry pressure recorded
at other end of the loop; Z.L. zero llne for arterial
pressure; venous outflow drops; time in minutes.
Simultaneous ordinates marked by X.

of the contraction curve followed, after a brief latency of
ulescence, by a temporary period oi marked rhythmic contrac-
tilons and subsequent complete quiescence similer to that
obtalning before the pressure application. The arterial
inflow increased promptly upon lowering the intralumenary

pressure to almost the normal level, but then decreased

temporarily to increase again to the pre-elevation valus.
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The outflow followed a parallel course except for an initial
slight decrease. 1t is of interest to note that the brief
period of decreased flow coincided witl: the period of Iln-
creased rayttimic conirsctions induced by lowering the intra-
lumenary pressure.

Similar results of ralsing and lowering the 1ntralumenary
pressure (throuch 10 mm. llg) are showrn 1in fig. 40 except that,

1

here, the briefl period of iIncreased gut activity, seen in
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Figure 40. Illustrates effect of alterations in the intra-
lumenary pressure on the intestinal motility and intes-
tinal blood flow. Tracings from asbove downward: arter-
ial inflow recorded by thermopile; venous outflow plotted
in drops per minute; INTEST. intestinal contractlons
from one end of the loop; A.FR. arterlial pressurs;
INT.LUM.PR. intralumenary pressure recorded at other
end of loop; Z2.L.. zero line for arterial pressure;
venous outflow drops; time Iin minutes. Simultaneous
ordinat es marked by X.
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fir. 39, upon lowering the pressure was alisent. In this

case (fig. 40), the temporary decresse in flow whicl: fcllowed

the sudden rise induced by “he drop of the prescure mey be

due to: (1) and actlve vascconstriction induced by the

sudden dlstension of the vessels, or (2) & possible increase
in gut tonus not registered on the record because of the

open connectlion to the pressure bottle. That tnie latter

possibtllity mlght be the case 1s supported by the obser%ation
that.the lumenary contents were partially rerurgitated into

the pressure bottle after 1ts lowering.

Discussion and Conclusions:

The predominant dlminution in the blood flow under an

increaesed intralumenary pressure is attributed to the passive
compression of the vascular bed resulting from the stretching
of the intestinal wall durings its distersion. That this 1s
the case ls supported by Noer's anatomical studies on the
arrangemént of thé arterial supply to the small intestine
of the dog. This author (1943) fourd thayu distending the
lumen with inflated balloons caused = passive closure of
amall blood vessels In the intestinal wall.

As & result of & sudden elevation of the intralumenary
pressure and consequent sudden vascular compression, there
occurs an initial temporary increase in the outflow (figures

22 and 40) due to the expulsion of venous blood mainly from

the submucosal venous plexuses. Similarly, with a sudden
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drop of the 1intralumenary pressure and consequent sudden

vascular decompressicn there occurs an initial brief decrease

in the outflow curlng tne period of filling of thie vascular

bed, followed 1mmediately by &n 1ncrease.

T

The alterstions in the intraslumenary pressure carried

out in this study would certainly fall within the range of

those wi.ich occur in thie intact normal gut. One 1s justi-

fied, therefore, in concluding that, in the gut in situ,

just as in the 1solsted loop, an increase in the intralumenary

pre ssure causes an increase in-tonus and rhythmic activity

and a diminution in the blood flow. Suclhh intestinal reactions

are of local origin and are eilther entirely myogenic in

nature or may also involve local myenteric reflexes.

¢




SECTICK IIT
EFFECT OF CARBCK [T OXIDE, LOW OXYGEN AND ACETYLCIOLINE

ON INTESTINAL BLOOD FLOW AND INTESTINAL MOTILITY

There is a considerable volume of Information in the
literature concerning the effects of COp, low Oop, acetyl-
cnoline and adrenalin on the blood flow and motility of the
small Intest ine. Most of these earller experimental studiss
were carried out either on the intact animal, where the effects
of these substances involved reflex and central nervous in-

fluences as well as those of circulating humoral agents, or

on strips of the iIntestine where these substances were ad-
ministered in the bath fluid. In contrast to these studies,
the experiments reported herein have been conflined almost
entirely to the study of the local effects of tlie above 'sub-
stances administered through the blood supply, on the motor

sctlivity and blood flow of the isolated perfused loops of

the small intestins.

I EFFrECT OF ALTERATIONS IN 002 CONTENT OF ARTRRIAL BLOOD

In these experiments the perfusion blood was equilibrated

with gas mixtures containing the desired concentration of

117
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COo s extreme care being exercised to keep the concentration
of oxygen at "nomal" value (30%).

For purposes of convenlence the experlimental results
concerning the effect of COp on the intestinal blood flow
will be presented separately from those concerning the effect
on intestingl motility. However, in view of the lntimate
relationsnip which exists between the intestinal activity and

the flow of blood, passing reference will be made to any such

interaction.

(1) Effect of C02 on Intestinal Blood Flow

On the assumption that normal blood is in equilibrium
with a gas mixture containing 4% COg, the effects of in-
creasing this concentration (hypercapnia) and lowering 1t

to zero {(acapnia) were studied:

(a) Effect of hypercapnic blood: Five different

concentrations of CGs (in the equllibrating gas mixture) in
excess of the "normal" lavel (4%) were used: 6.7% - 8% -

10% - 12% and 15%, corresponding to tensions in the blood of
40.25-60-75-90 and 112.5 mm. Hg respectively in comparison
to 2 "normal" tension of 30 mm. Hg.

The effect of a 6.7% concentration of COo in the per-

fusion blood, is seen in fig. 41. In this figure, showing

two successive COB administrations in the same loop, the

hypercapnic blood caused a marked but gradual increase of

the blood outflow. In the first procedure (upper record),
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Figure 41. TIllustrates effect of 6.7% COg on intestinal
blood flow. Tracings from above downward: time 1in
minutes; venous cutflow drops; intestinal contractions;
venous outflow plotted in drops/minute; A.PR. arterial
pressure; INTEST.VCL. changes in intestinal volume
(not recorded in A); Z. L. zerc line for arterial
pressure. Simultaneous ordinates merked by X.

the blood flow was increased by &bout 30%. Keither the tonus
nor the contractions of the rut was appreclably affected until

toward the end of the hypercapnic eriod when the tonus rose
yp P p

slightly, whereas the increase in the flow had a very early
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onset. This observation indicetes that the increase in the
flow represonted an actual vascdilatation. Shifting back
to "normal' blood caused a rraduszl dimiruation of the blwod
coutflow to a subbnormal level and a marked rise 1iIn the gut
tonus. The decrease in the blood flow to a sub-normsal level
was probably due to the rise of gut tonus. he second ad-
ministration of COo to this tissue (lower record) resulted

. . o ) N -
in a more pronounced increase (100%) in ti:e blood flow.

In this record the intestinal tonus waos slliyntly decreased

initially. Changing to "normal" blood caused a gradual
decrease of the blood flow to normal and simultaneously a
gradual rise ol the gut tonus simllar to that shown in the
upper record.

It is of interest to note in this figure (41) that
although the magnitude of vasodilatation was evidently greater
In the second COp administration, the actual maximum value
of the flow in both instances was nearly the same: 120
drops/minute in first procedure and 115 drops/minute in the
second. This observation suggests that the magnitucdce of

hypercapnic vascdilatation was, in part at least, conditioned

by the vascular tone obtalining before the COo was administere
Thus, in the first procedure it may be that the vascular
tone was originally lower, and consequently the magnitude

of vasodilatation under hypercapnia was less, than 1In the

second procedure.
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onset. This observatlon indicetes that the increase inrtbe
flow represented an actual vascdilatation. Shifting back
to "normal" blood caused & rradual dimiruation of the blood
outflow to a subnormal level and a marked rise 1ln the gut

tonus. The decrease in the blood flow to a sub-normal level

'

was probably due to the rise of gut tonus. hae second ad-

1
ministretion of COo to this tissue (lower record) resulted
in & more pronounced increase {(100%) in tire blood flow..

In this record the intestinal tonus was sliyntly decreased

initlally. Changing to "normal" blood caused & gradual.

decrease of the blood flow to normal anc simultanecusly a

gradual rise of the gut tonus similar to that shown in the
upper record.

It is of interest to note in this figure (41) that
although the magnitude of vasodilatation wes evidently greater
in the second COg administration, the actual maximum value
of the flow in both instances was nearly the same: 120
drops/minute in first procedure and 115 drops/minute in the
second. This observation suggests that the magnitude of
hypercapnic vasodilatation was, in part at least, conditioned
by the vascular tone obtaining before the COp was adminlstered.
Thus, in Fhe first procedure 1t may be t hat the vascular
tone was ériginally lowe?, and consequently the magnitude

of vasodilatation under hypercapnla was less, thhan 1ln the

second procedure.
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Higher concentrations of COp caused greater vasodila-
. . . o~ .
tat ion. Thus, in fig. 42, a 10% COo caused & marked rever-

. 5 ~t .
sitle increase in the blood flow of about 100%, without
VA
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Figure 42. Illustrates effect of 10% COs on intestinal blood
flow. Tracings from above downward: arterial inflow
recorded by thhermopile; intestinal contractions' from
upper end of the loop; A.PR. arterisl pressure; intes-
tinal contractions from lower end of the loop; %.L.
zero line; venous outflow drops; time in minutes.
Simultanecous ordinates marked by X.

causing any significant change in the gfgut activity except
for a very slight drop in tonus., It is of interest, however,
that here, COp had a distinct after-effect on the gut activity

wnich consisted of a distinct increase in the rhythmic con-

tractions and a slight rise in tonus. This increase in blood
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flow under hypercapnla must obviously be due to a vasodilator
action of COg.

The results shown in fig. 43 demonstrate a reversible
vasodilator actlon of 15% COo. Here, again the gut activity

or tonus was not significantly affected.

-
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Figure 43. Illustrates effect of 15% COg on intestinal blood
flow. Traclngs from above downward: arterial inflow
recorded by thermopile; venous outflow plotted in drops
per minute; intestinal contractlons from upper and lower
ends of the loop; A.PR. arterial pressure; ZL. zero
line; venous outflow drops; time in minutes. Slimul-
taneous ordinates marked by X.

A typlcal vasodilator effect of COp (15%) is also

shown in fig. 44 A, but in this case, the well marked and

sustained increase in the blood flow (for four minutes)

was followed by a secondary diminution to below the pre-

hypercapnic level. This secondary decrease may be inter-

preted as due to a secondary vasoconstriction. In part B

of the figure, representing another 15% COo admninistration
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Figure 44. Illustrates effect of 15% COo on intestinal
blood flow. Tracings from above downward: in A:
arterlal inflow recorded by themopile, venous outflow
plotted in drops per minuite; in B: venous outfllow
curve 1a plotted above arterial thermopile tracing;
Iintestinal contractlons from upper and lower ends of
the loop; A.PR. arterial pressure; Z.L. zero line;
venous outflow drops; time in minutes. Simulteneous
ordinates marked by X in A, Both A& and B on same
tissue.

to the same tlssue, a similar vascular resction was observed,
but In this instance the secondary vasoconstriction was not
strong enough to cause & subnormal flow so that the secondary
decrease may simply represent an adaptation of the tissue

to the increased CO2 rather than an active vasoconstrictive
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response. In both parts of the fipure, the gut underwent a

remarkable drop in tonus accompanied by great depression of

rhythmic contractions.

(b) Effect of acapnic blood:

In the experiments performed

to demonstrate the effect of acapnla on the intestinal blood

flow, the acapnic blood was prepared by equilibration with

304 02 and 70% No and no COp. The vascular effect of such

acapnic blood 1s demonstrated in fig. 45. In the upper part
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Figure 45. Illustretes effect of acapnic blood on intestinal

blood flow. Tracing from above downward: time in minutes;

venous out flow drops; venous outflow plotted in Qrops
per minute; INTHST. intestinal contractions; A.PH.
arterlal pressure; ZL. zero line for arterlal pressure.
Simultaneous ordinates marked by X. In lower record
perfusion was shifted from acapnlc blood to one con-
talning 3% COgs, then returned to acapnic blood.
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of this figure, a shift from "nmormal'" to the acapnlc blood
caused a marked decrease of the blood flow to about half
the normal value; this reaction was reversed upon reper-
fusion with "normal" blood. The lower part of the figure
represents the effects of shifting from an acapnic blood to
blood contalning 3% 002; this caused about 100% increase
in the blood flow, and readministration of acapnic blood
reversed the picture end decreased the blood flow to the
original pre-COp-adminlstration level. In both procedures
shown in this figure (45), 1t is evident that the decrease
of blood flow under acepnla was not due to any change in the
gut activity or tonus since these remained unaltered during
eachh of the entire procedures; this diminution of the fhow
must, therefore, represent an active vasoccnstrictor effect
of acapnia.

To supplement the experimental study, of the local
effects of COo on the blood flow through the isoléted loop

of small intestine, some experiments were carried out to

determine what Influence this gas, acting centrally and

reflexly, might have on this wvascular bed. In these exper-

iments, the loop with 1ts nervous connections to the C.N.S.

intact, was perfused 'in situ'. The traches of the anes-
thetlzed animal was connected to 2 spirometer and resplratory
tanks which permitted rapid shift of the animals breathing
from normal to t he desired CO2 and Oo gas mixtures, the in-

testinal loop being perfused with "normal” blood under a
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constant pressure throughout thie procedure.
The results of shifting from "normal" to a 10% COo in

breathing gas mixture, with the animal breathing spontaneously,

are shown in fig. 46 B. Here, after a2 relatively long latent

period of about 2 minutes, there occurred a gradual decrease

in the blood flow of about 20%. The fact that the gut remained

relatively quiescent throughout the C02 administration ex-

cludes the possibility that the diminished flow might have
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Figure 46. A: Illustrates influence of hypercapnic perfusion
blood (10% COs) on blood flow through loop completely iso-
lated except for its nervous connections to C.N.S. B:
Illustrates influence of administration of 10% COs in
resplratory gas mixture on blood flow through same loop,
perfused with "normal' blood. Tracings from above downward:
A: arterial inflow recorded by thermopile; venous outflow
plotted in drops per mlnute; intestinsl contractions; BL.PR.
animals blood pressure; RESP. respiration; PER.PR. perfusion
pressure; ZL. zerc line for animals arterial and perfusion

pressures; venous outflow drops; time in minutes. B: wvenous

outflow plotted in drops per minute; arterial inflow; ln-
testinal contractions; other tracings as 1in A. Sinultan-
gous ordinates marked by X.
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been due to change in the motor actlvity or tonus; thls
dimlinution must, therefore, be attributed to an active
vasoconstriction. The usual effects of hypercapnic ventila-
tion, hypernea and rise of general blood pressurs, can also
be seen in this figure. Keadmlnistration of normal gas
mixture led to a rradual recovery (increase) of the blood
flow to a'slightly supra-normal level, and the general
bleocod pressure returned to normal.

The decrease of the blood flow durilng nypercapnic
ventilation, coupled with the rise of the general blcod
pressure, indlcate that such effects are due to vasocon-
striction, at least in the intestinal vascular area; such
vasoconstriction must be of a central origin induced by

excess COo acting directly on vasomotor centers in the brain

and reflexly on the chemoceptors 1in the carotld end aortic

bodies.

For purposes of comparison, the same loop in situ with

nerves intact, was subjected to the direct action of 10%

COo administered locally to the tissue in the perfusion

blood. The results of such procedure are shown in part A

of ipure 46 where 1t 1s seen that the hypercapnic blood

produced a local vasodilatation typical of that shown in
the isclated loops.

Discussion:

The importance of the COg content of blood as an effec-

tive factor for the regulation of peripheral circulation
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has been recognized by most workers. liowever, in spite of
the fact that extenslve experimentszl investipgation has been
carried out in thls connection, there is still disagreemeqﬁ
about the direct effect of CO0s on the vascular tone and about

the exact nature of such effect. Thus, wille the majorlty

of authors: EBayliss (1901), ilboker (19012), Dsle and Fvans

(1922), Fleisch (1¢32) and others, helleve tlat excess CO,

in the blood of the intact enimnl causes vesodilatation by

& local action on the peripneral blood vessels and thst o

decrease of CUp causes direct vasoconstriction, some workers:
Bernthal (1937), lercker {(1¢43), and others have obtained

opposite results, i.e. local vasoconstriction withh excess

C02 and vasodilatation with decreased COQ. &8s for the central

and reflex effect of CUo on the blood vessels, there is
general agreement that an excess COg, acting on the vasomotor

center and the chemoreceptors of the carotid end sortic

bodies, leads to central and reflex peripheral vasoconstriction.

Bayliss (1901) observed an increased flow in the hind
lecs of frog perfused with Hinger's sclution ssturated with

COc above ''mormal". licoker (1912) found that an excess COg

caused a loss of tone of venons and arterial strips with

recovery under Co. Dale and Evens (1¢22) conciuded thot Qﬁe
fall of arterial pressure subsequent to washlng out of COé

by overventilation of the IiIntact animal, was due to depression
of the normsl activity of the vasomotor centers in the medulla

angd gpinal cord. Destruction of these centers caused reversal
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of the effect of overventilation, i.e. Ilncreasse of arterial
pressure, wnlicli they attributed to a direct vasocenstrictor
action of loss of 002 (hypocapnia) on the periphersl vessels,
NeDowell (1930) attributed the fall of arterial pressure during
overventilation to & central vasodilator action of low COo
overbalancing 1ts direct or peripheral vasococcnstrictive action.
le stated, "Just as the capillaries sare dilated by the COo
and the center 1s stimulated, so the opposite may occur

{f COo is washed out." This view was also supported by ex-

periments of Collier and Dudham and Wells (1¢27). Flelsch
and Ponomarev (1932) carried out perfusion experiments on
the innervated and denervated hind limbs of cats, and found

that excess COg in the blood caused, iIn most instances, a

comblnation of primary constricition and secondary strocnger
dilatation; occasionally there cccurred pure vascdilatation
but rarely pure vasoconstriction. These suthors emphasized
that for a vascdilator action of excess 002 to occur, the
blood vessels should still retaln thelr tonus; they also
specified that the vasodilator action 1is not due to any
specific ation of CO, but is attributed to the increased
acidity produced by excess COp. Krogh (1¢22), by microscopic

observations on the blocd vessels of frog's tongue, found

that bubbling a gas mixture contalnin: at least 10% COo in
the fluid bathing the tissue produced a vasodilator effecpf
In contrast to the sbove findings, the work of Bernthgl

and Shoemaker (1¢37) and Mercker (1943) led them to conclude
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that excess CO, has & local vasoconstrictive action. Bern-
£
thal's work (1€37) on the perfused dog's foreleg showed that

in most cases excess CCo concentration in blcod decreased

the blocod flow, whereas in cnly a few cases 1t cause

fof

an
increase. The experimentsl results of Mercker and co-workers
(1943), obtained on perfused hing limbs of cats, conformed
largely withh those of PRernthal. These workers alsoc emphasized
that the vascular resctions were dependent on the presence

cf & vascular tone; absence of the vasculer tone, as occurred
immediately following denervation, led to opposite reactions

(increase in flow) which they regarded as passive to the

chanpes in the general blood pressure consequent upon the
cenersal hypercapnia.

With regard to the effect of COg on the vesculer bed
of the splanchnic ares, particularly tiat of the small in-
testine, the work of Mathnison (1211l) and that of Bernthal
(1930) shows the variability of the experimentel results.
Muthison found that when an animal bregthed an alr mixture
contalning 10% C0o, wlth an sdequate percentage of oxXygen,
the arterlal blood pressure rose immedistely and the intestinal
volume (plethysmorraphlcally recorded) fell. He attributed

this fel} of the intestinal volume and thne rise of arterisal

‘ - s
pressure to a general vasoconstriction induced centrally by
Lypercapnia. Bernthal, on the other hand, observed an 1in-
crease of blcod flow through the superlor mesenteric artery

during COs breathing, and that this reaction was not altered
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by denervation of the splenchnic aresa. The same aut hor
obtained variable results when he measured the blood fléw
through the abdominal aorta after tying off the maln arteries
of the lower extremity; accordingly he did not draw any
definite conclusions from his observations on the superior
mesenteric arterial flow. In the light of our experlmental
evidence presented above, concerning the intimate relastlion-
sriip between the motility of the small intestine and ité
blood flow, the veriability of Bernthal's results may be

attributed to changes in the motor activity of the gastro-

intestinal tract.

The intimate nature of the action of COg has been a
subject of debate for many years. According to the widely
accepted view, COo is believed to act through its acld
properties. Jowever, some authors believe that COZ acts in
specific manner independent of any assoclated changes in the
hydrogen ion concentration.

So far as the local effects of COp on the Intestinal
vascular bed are concerned, our experimental results unequlvo-
cally support the view that excess COg causes local vaso-
dilatation in the intestinsl vascular bed, whereas 1ackiof
COo causes local vasoconstrictlon. Our findings also demon-

strated that excess COg, acting centrally or t hrough reflexes

e.g. carotid and aortic chemoreceptors, causes constriction
of the intestinal blcod vessels. The results of these ex-

periments and the conclusions derived therefrom may be
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gummarized as follows:
a) In almost all instances, perfusicn of the loop with’
hypercapnlic blood, in equilibrsvm with gas mixtures con-
taining from 6.7% to 15% COo ("normal" COg 4%), caused a
well pronounced reversible increase of the blood flow; the
magnitude of such lncrease varied from a low of 30% to a
high of 400%.
b) The fact that the Intestinal loop was completely 1iso-
lated from the animal excludes any possibllity that these

effects on flow and contraction might have been due to 1n-

fluences of central or reflex origin, or of clrculating humoral

agents; they must therefore be attributed to the local action

c) Lack of COo (acapnia) 1n the perfusion blood caused

definite decrease 1In the blood flow.

4) Administrat ion of hligh COs tensions in the respiratory

gas mixtures to the intact animel caused a definite dimlnution
in the blood flow through the loop In situ but with the

nerve supply intact. Since the loop was entirely isolated

from the general circulation and attached only by 1lts ex-

trinsic nerves, the diminution of the blood flow must be

attribute? to a vasoconstriction induced centrally or re-
i

flexly by}hypercapnia in the general blood circulation.

(2) Effect of COp on Intestinal Motility

In the majorlty of cases, variations In the CO; con-

tent in the perfusion blood led to definite reactions 1in the
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movements of the intestinal loop. Thus, as 1is snown In fig.
44, 15% CCo in the perfused blood caused a preclpltous drop
of tonus and an almost complete stopparce of rhythmic con-
tractions; readministration of normal blood led to gradusl

an  slow reccvery of mcvements and tonus.

Similar reactions of the intestinal motility were also

observed upon perfusion with blood contalning 10% and 12%

COs, as shown in flgures 47 and 48 respectively. In these

fiFures, the motor response of the loop to hypercapnlia con-

sisted of a marked decrease in the amplitude of the rhythmic
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Fipure 47. Illustrates effect of 10% CO, on intestinal
motility and blood flow. Trzclngs from above down-
ward: venous outflow plotted in drops per minute; in-
testlnal contractions from upper and lower ends of the
loop; A.PR. arterial pressure; 4.L. zero line; venous

outflow drops; time in minutes. Simultaneous ordinetes
marked by X.
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contractions and a definite drop of tonus; ths flgures also
stow typicel reverslble vasodilator action of COZ' Complete
recovery of the intestinal activity and blood flow was ob-

served upon shifting back to "normal" blood.

INFLOW

CUTFLOW

}

Figure 48. Illustrates effect of 12% CCo on Iintestinal
motility. Traclngs from asbove downward: arterlal in-
flow and venous outflow recorded by thermopile; A.FR.
arterial pressure; intestinal contractions; <.L. zero
line; venous outflow drops; time in minutes. Simul-
taneous ordinates marked by X.

However, while the above figures represent the typlcal
and most freque!t motor reactions during hypercepnla, another
type of response occasionally elicited 1s shown in flg. 49.
Here, = }O% CCo caused an initial temporary stimulation of

both tonwus and rhythmic activity of the loop followed by

almost complete quiescence which lasted for the remainder

of the hypercapnic period. Readministratlion of normal blood

led to gradual increase in the amplitude of the rhythmic
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Figure 4¢. Illustrates effect of 10% COg on intestinal
motility. Tracings from above downward: arterlal in-
flow recorded by thermopile; intestinal contractions
from upper and lower ends of the loop; A.PR. arterial
pressure; zero line; venous out flow drops; time 1in
minutes. Simultaneous ordinates marked by X.

contractions to a level higher than that obtaining before

hypercapnia. Three other features worthy ol special note

are shown in this figure: (1) the increase in blood flow

induced by CUOo occurred before the motor response of increased

tonus, (2) the sharp rise of the gut tonus temporarily de-
creased the blood flow to well below normal, ard (3) the

flow rose abruptly far sbove normal with the decrease of tonus

and temporary augmentation of the rhythmic contractions, and

remained high after the gut had become quiescent. Gradual

return of flow to normal occurred after cessation of the
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COz:, admlnistration. The sharp decrease in blood flow in-

duced by the tonic contractlior, notwithstandings the vasodilstor

actlon of COs, 1s of particuler interest since 1t may explaln

some of the veriable results obtained, and commentad upon,

by various Investigators In tiheilr measurement of intestinal

blood flow in the intact animal sutjected to hlgh COo (Bern-
thal, 1920).

Still anctirer less frequent type of intestinal motor

reaction to hypercapnia ls shown in flg. 50. In this figpure,
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Figure 50. Illustrates effect of 107 CO, on intestinal -~ -
motility. Trzucines from above downWard: time in min-
utes; venous outflow drops; venous outflow plotted in
drops per minute; U.E. intestinal contractilons from
upper end of the lcoop; A.PR. arterial pressure; L.E.
fntestinal contractions from lower end of the loop;

Z. L. zero line. Simultanecus ordinates marked by X.
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a 10% CO, caused an initial slight drop of tonus and céssation
of the rhytimic movements, followed by a sharp lncrease in
tonus and contractions. This state of increased gut activity
was maintained for & relatively long pveriod, but eventually
came to an abrupt end with a drop of tonus and completé
quiescence of the gut just before cessation of CO, adminis-
tration. In spite of the marked rise in tonus, the COQ
caused a considerable increase In the blood flow of about
400%. The fact that such high tonus did not significantly
interfere with the flow (as 1t dld in fig. 4¢) may be due
to & less generalized tonic contraction, i.e. limited to
only a part of the loop, while the rest of tite tilssue was

2

relaxed, thus allowing a free flow of blood. Shifting to

"normal” blood led to gradual restoration of pre-hypercapnic

conditions.

Discussion:

The experimental results, described above iIndicate that

the COo content of arterial blood influences appreciably the

motor activity of the small intestine. This has been recog-
nized since the early work of Van Braam Hoockgeest (1872)
who observed a peculiarly violent form of peristalsis 1n

rabbits killed by asphyxia. It was Bokal (1€85) who first

studied the direct effect of COs on intestinal movements;

he found that viclent peristalsis could be set up by in-
jecting CO2 in the intestinal lumen. Bottazzi (1897) also

observed the direct action of COpo and stated that the actlon
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of this pgas caused a contraction of the longlitudinal muscles
of the frog's esophagus which continued as long as the tissue
was exposed to the action of the gas. NMore recently looker
(1912) studied the effects of COs on strips of intestinal
wall of cold and warm-blooded animals. He found that bubbling

a gas mixture containing excess COg (54) in the bath fluid

caused a dual action: qulescent preparations were actlvated

to contract, whereas rhytimically active strips were inhibited
and thelr tone depressed. Gunn and Underhill (1¢14) also

obtained results simllar to those of Hooker, i1.e. excess COo

had a dual action. Young (1914), however, failed to observe

any local stimulatory action of COo on isolated strips of

cats' small intestine; he found trnat under C0os the segmental

movements were 1nhibited and the tone was reduced. He also

found that recovery occurred after removal of COp, provided

the perlod of exposure was not too long; long exposures

(15 minutes) caused permanent damages to the tissue with

no recovery. [Iraser (1¢25) carried out experiments in which

he studied the effect of.CO2 and acids on 1solated small in-
testine (rabbit) and found that, in the presence of COo,
the rnythmic contractions were neerly always suppressed at

a pi of 6.4, whereas in absence of COp much greater acidity

(p% 5.4 or less) was required to produce a similar effect.

He also observed that recovery from COp, as indicated by
the helght, rate and form of the rhythmic contractions, was’

complete while recovery from acidity not due to COo was
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much less complete. From this he concluded that COg acts
on the intesztinal tissue in a speciflc manncr due to & Tfaster
rate of penetration througrh the cell memuranes than the
nwydrogen ions.

Gﬁr experimental results indicate that excess COg In
he perfusion blood has a predominantly ilrnhibltory action
on the intestinal movements and tonus. It has also been
observed thnst,not infrequently, tnis 1Inhibitory action was
preceded by a transient stimulation of both rhythmic con-
trections and tonus. As to whether COo has & dual action
{Hooker, Gunn and Underhill) our observations do not permit

any definite conclusions since 1t was only in a few cases

that excess COo activated an almost quiescent gut (fig. 50);
furthhermore, in these cases a consplcuous initial temporary
inhibltion was observed.

In the present study, the recovery of the tissue after
cessaticn of hypercapnic perfusion was in the majority of

instances complete. The absence of evidence of permanent

injury of the tissue may nave been due to the relatively

short perlods (3-7 minutes) of exposure to excess COgp.
The rate of recovery varied from tilssue to tlssue and also
from procedure to another on the same tlssue.

The manner in which COg exerts 1its effect on the Ln—

testinal tissue is, as already polnted out in relation to
the vascular effects, still a matter of debate. Here agaln,

the CO2 1s believed to act through the change 1n the
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hydrogen ion concentratlon; however it may possess & specific

action independent of such acldlity changes.

I1 EFfFECT OF LOﬁ OXYCEN TENSIONS IN ARTLRIAL BLOOD

In the experiments carried out to determlne the effects
of low Op, the same methiods were employed as those salready
described for COp, the perfusion blood belng equilibrated
wit!y a gas mlxture of the desired composition. Low Og, in
concentratlons of 7%, 10% and 12% in the equlllbrating gas
mixture was employed, in comparison to "normal" concentration
of 30% (COs concentratlion kept at 4%) .

Effect of Low Oxygen on Intestinal Blood Flow:

Typical effects of siifting from "normal' to hypo-

oxic blood (10% Os) are shown in fig. 51. In both parts A

and B of the record, the hypo-oxic blood caused an 1lncrease 1In
the blood flow of abtout 25% and 50% above the normal level
respectively; this effect was reversed by a return to normal

blood. In these procedures, A and B, performed 1n two

different experiments, the gut activity and tonus were not
significaently altered by the low Op except for a slight drop
of tonus in part B. The resultant increase of blood flow
must, therefore, be attributed to an actlve vasodilatation

Induced by the low 0o,

The effect on blood flow of a more severehypo-oxlc

blood is shown in fig. 52. In this figure, perfusion with

7% Ogp caused a well pronounced and reversible increase
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Flpure 51. Illustrates effect of low Oo (10%) on intestinal
blood flow. Tracings from above downward: A: time
in minutes; venous outflow drops; venous outflow plotted
In drops per minute; intestinal contractions from upper
end of loop; A. F. arterial pressure; Z.L. zero line
showing perlod of low Og administration (heavy line);
INTEST. intestinal contrections from lower end of loop.
B: time In minutes, venous outflow drops; signal line;
venous outflow plotted In drops per minute; arterial
inflow by thermoplile; heavy line indicatin:s period of
low Op administration; intestinal contrartions; A.F.
arterial pressure.

(about 110%) in the blood flow. Here, as in fig. 51, hypo-
oxia did not alter the motor activity or tonus of the gut,

which observation indlicates again that the increased flow

under hypo-oxla represents an actual vasodilatation.

Since the above results were obtalned on the 1solated

loop, the well pronounced viusodilatation can only be due
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to a local action of low Og. Such a local vasodilator action
wes also obtalned during perfusilon of a loop whichi was

completely lsolated except for 1ts nervous connections.
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Figure 52. Illustrates influence of .7% Op on intestinal
blood flow. Tracings from above downward: arterlal
inflow and venous outflow recorded by the thermoplle;
intestinal contractions from upper end of the loop;
A.FR. arterial pressure; intestinal contractions from

lower end of the loop; Z.L. zero line; venous outflow

drops, time 1in minutes. Simultaneous ordinates marked
by X.

Thus, in fig. 53, perfusion of the loop 'in situ'! with

7% Oo caused & sharp reversible increase in both the inflow

and outflow of blecod without any significant changes 1In the

~ut activity or tonus.
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Figure 53. Illustrates effect of low Og in perfusion blood
on blood flow in a ‘completely isolated loop except for
its nerve connections to the C.N.S.; animal breathing
room alr. Tracings from above downward: arterial
inflow by thermopile; venous outflow plotted in drops/
min.; intestinal contractions; EL.PR. animal's blood
pressure (140 mm. llg); PER.PR. perfuslion pressure;
respirations; 2.L. zero llne for both BL.PR. and
PER.PR.; venous outflow drops; time in minutes.
Simultaneous ordinates marked by X.

The fact that the vascular response in fig. 53 was
simllsr to thet obtained in the completely isolated loop
(figures 51 and 52), indicates that the local vasodilator
effect of low O2 predominates and masks any vasoconstrictive
reflexes which, under these experimental conditicns micht
be elicited from the loop.

In order to determine the central and reflex vascular

effects of low oxyren, mediated through the extrinsic nerves
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to the loop, the following experiment was performed. Thie
loop, with its nervous connections 1ntact, was perfused
in situ' with "normal” blcod and the central and reflex
stimulation was provided by mechanical asphyxiation of the
animal (by closure of trachea). The results of such pro-
cedure are shown in flg. 54. 1In both purts A and B of this

figure, mecnianical asphyxlation for a period of two mlnutes
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Figure 54. Illustrates Iinfluence of mechanical asphyxia
on blood flow in intestinal loop perfused "in situ"
with normal blood. Tracings from above downward:
arterlial inflow by thermopile; venous outflow plotted
in drops/min.; INTEST. intestinal contractions; BL.PR.
animal's blood pressure; PER.PR. perfusion pressure;
RESP. respirations; Z.L. zero line; venous outflow
drops; time in minutes. Simultaneous ordinates marked
by X. Periods of mechanlical asphyxiation (ASPH.) shown
on zero line.
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caused a well pronounced decrease 1in the blood flow through
the loop; in B tnis diminution of the flow was preceded by
a slignht increase. During asphyxia the animal's general
blood pressure showed an initial slight decrease then

gradually rose to &bove normal; the gut activit

=

and¢ tonus,

r.owever, were not significantly affected. With the termina-

tion of asphyxia tne blood flow through the loop returned

promptly to normal wi thout any significant after-effects,

and the animal's blood pressure decreased to about the pre-

asphvxiasl level.

It is evident from this figure that these changes 1n
the intestinal btlood flow cannot be ascribed to changses in

the intestinal ectivity or tonus, nor can they bLe attributed

to a direct effect of the changes elther iIn the animal's

blood pressure or in general cilrculatlon. Tney must, there-

fore, be of central or reflex origin and mediated througn

the extrinsic nerves to the loop. Tne predominant decrease

In the blood flow in the loop, as well as the rise of the

general blood pressure during asphyxia, are attributed.to a

generalized vasoconstriction resulting from stimulation of
the vasomotor center and probably by reflex stimulation of

te chemoreceptors of the carotld and aortic bodies. Tre

initial'slight increase in the flow seen 1in fig. 54 B,

together with the concomitant iritial small.drop in &th

general blood pressure, suggest the occurence of an initial

active vasocdilatution of central or reflex origin.
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While the major contributing factor to the occurrence
of these asphyxlal effects 1s due primarily to reduction
in the arterial oxygen tension, the participation of octher
agents, e.g. excess COo, 13 not denied.

The experimental }esults presented thus far indicate
that reduction in the arterial Og tenslon (anoxiec anoxia)
hes a dual actlon on the intestinal vascular bed: (1) =
local vasocdilator effect, (2) a central or reflex vasocon-
strictor effect.

In an attempt to determine the influence of histotoxic

anoxia, 1l1.e., polsoning of tlhie oxidative processes in Gche

tissue, on the intestinal blood flow a cyanide solution was
administered to the loop by injecting the cyanide into the
arterial inflow tube with a hypodermic needls. The effects

of injecting 0.3 oc. of a 1% solution of KCN are shown in

fig. 55. In this figure, the cysnide caused a sharp in-

crease (about 300%) in the blood flow without any significant
cnange in the gut activity or tonus. The augmented flow then
gave way to a gradual decrease untll the normal level was
attained. This distinct local vasodilator actlon of histo- B
toxlc anoxia resembled greatly that induced by hypo-oxic ,
blood already described. To further illustrate the simllar- é‘
ity between the two effects, the same tissue to which cyanide
was adnministered (fig. 55 A) was subjected to the local action
of hypo-oxic blood of 7% Oo; the results are shown in parst

B of the figure. A comparison of the blood flow curves Iin



147

INFLOW

OUTFLOW

RS 3 5 /M,

QUTFLOW '
RPN 1 WP

[ERCSN N

: f
INTEST.

PER PR. (100} W

i il
i T
el Ilfllll“ i 1

x

ZL KCN 1%
OUTFLOW = 03 GC.

e}sanu!'eeursu’!v;ﬂmﬁlmlh

| MIN.

Figure 55. Illustrates Influence of KCN (A) and 7% 0o (B)
cn blood flow through perfused loop completely isolated
except for nerve connection. Traclings from above down-
ward: arterial inflow by tiermoplle; vensus outflow
plotted in drops per minute; intestinal contractions;
BL.Ph. animal's blood pressure; FER.PR. perfuslion pressure;
RESP. res,irations; Z.L. zero lire; venous outflow drops;
time in mlinutes. Simultaneous ordinates marked by X.
Temporary drop in arterial inflow tracing upon cyanide
administraetion 1s due to injection artefact.

both parts A and E shows the marked similarity betwesn: rthese
curves with the exceptions of the greater area of those 1in
A. This difference in the magnitude of the vasodilatation
may be attributed to a stronger and more prolonged effect

of the histotoxic anoxia. ’

Further, anoxia induced by arterial occluslon as already

described, also has a vasodilator effect as Indicated by

the post-occlusion supra-nommal flow (fig. 26).

Discussion:

The effects of low arterial oxygen tensions on the
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peripheral blood vessels have been investigated by many
workers. According to the generally accepted view, low Oo
nas & dual effect: (1) a local vesodilator effect and (25
a central and reflex vasoconstrictor effect. Thus, Flelsch
and co-workers (1932) obtalned a local dilator action of low
arterisl oxygen on the vascular bed in perfused hind ex-
tremltles of cats. These workers stated that reduction of
Op concentration in the equlilibratlng gas mixtures to values
above 6% were whhout effect, but reductlon to lower conéen-

tratlons caused definite vasodilatation. Our findings on

the perfused intestinal loops, however, indicate that perfusion
with hypo-oxic blood in concentrations as high as 10% caused

distinct vasodilatation (fig. 51). Hilton and Eichholtz

loos ) found that a fall of oxygen saturation of hemoglobin
below 20% produced a maximum dilatatlon of the blood vessels,
whereby the blocod flow increased about five fold.

Bernthal (1930) measured the blood flow in the superior
mesenterlic artery (in dogs) and found that this flow decreased

#furing hypo-oxic ventilatlion; denervation of the areasa

supplied by the artery caused reversal of the effect on the

blood flow. He attributed the decrease in flow in the 1n-

nervated area to a central vasoconstrictor action of low Og,

and the increase after denervation to a predominant local

vasodilation. Nathison (1910) had previously ocbtalned simllar

results in his plethysmographlc determinations of the 1n-

testinal volume. In his experiments, ventilation of the

Gl
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anlmal with pure nitrogen caused a marked rise in the blood
pressure with an attendant decrease in the volume of the
intestine which he interpreted as indicative of genersalized
veasoconstriction of central orlgin. Both authors, however,
did not take into consideration the humoral influences in-
volved in such experiments, or the effects of the motor
activity of the small intestine on the blood flow through
the tissue.

With regard to the manner in which the local vascular
action of low 0o 1s brought about, several explanations have
been advanced. According to the common be}ief, such local
vasodilatation is attributed primarily to the anoxia of the

tissue itself which leads to the disturbance of the normal

aerobic oxidative processes angd subsequent formation of
anaerobilc metaboiic products of acid properties (other than
carbonic acid), e.g. lactic acld; such acld substances would
then cause vasodilatation. Cn the basis of this explanation
the local vasodilator effect of anoxia induced by arterial
occlusion may alco be attributed to the impsired normal
oxidation 1n the tissue resulting in the formatlon of vaso-
dllator metabolites. IFurther, in histotoxic anoxis (by
cyanlde) the polsoning of the respiratory enzymes may account

for the disturbed oxidative metabollsm and consequent vaase-

dilatastion.

Another -interpretation of the local wvasodllator action

of low Og is that ascribing such action primarily to a direct
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offect of anoxia on the walls of the blgger arteries them-
selves. Thus, Flelsch et al (1932) found that the venous
blood from tissues subjected to anoxic blood, did not turn
acld as it would be expected to if there were actual accumu-

lstion of acld products of incomplete oxlidation, e.g. lactic

acid; on the contrary, the blood reaction even turned to the
alkaline side. Hilton and Eichholz (1625) are also supporters
of this view since they observed that the local vasodilator

effect of low 02 was much stronger than that pm duced by blg

doses of lactic acid or COg; they further steted that énoxic

vasodilatation could not be due to accumulation of products

of incomplete oxidation since the oxygen usage was normal

during the anoxemia.

Effect of Low Op on Intestinal Motility

While hypo-oxic blood of 10% 02 definitely decreasead
the ppne of tre intestinal blood vessels, thls degree of
hypo-oxia was apparently insufficlent to induce significght
changes in the motor activity or tonus of the gut as described
above (fig. 51). Moré severe degrees of hypo-oxic, however,
led commonly, but not invariably, to well pronounced changes
not only in the blood flow but also in the rhythmic move-
ments and;tonus of the intestine. Thus, the effects of ad-
minlstration of 7% Oo are shown in fig. 56. In the upper
record of this figure, low Og caused a well pronounced de-

pression of the gut movements and tonus. Here, 1t may be
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Figure 56. Illustrates influence of 7% O2 on intestinal
motility. Trascings from sbove downward: arterial in-
flow by thermopile; venous outflow plotted in drops
per mlnute; intestinal contractions from both ends of
the loop; A.FR. arterial pressure; Z2.L. zero line;
venous outflow drops; time in minutes. Simultaneous
ordinates marked by X. DBoth procedures shown were per-

formed on same loop.
noted that the t ypical vasodilator effect of anoxla was
missing and instead there occurred an initiel small bus
transient decrease of the blood flow followed by return fo

normal. This relatively small decrease of blood flow under

anoxla represents the only exception in our experiments to
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the consistent local vasodilator effect of anoxia. Readmlin-
{stratlon of "normal" blood led to complete recovery of both
the rhythmic motillity and tonus, but the blood flow showed
1ittle or no change. In the lower record of this figure

(representing another procedure on the same loop), anoxia

of 7% 0o affected the gut activity in a manner similar to

that shtown 1n the upper record, except for an initial tem-
porary stimulation of rhythmic movements and tonus. The
blood flow, however, was lncreased by about 50% and this is

to be attributed to active vasodilatation.

It 1s of interest that the effects of low Op represented

in the above flgure (56) are strikingly similar to those of

hypercapnia (15% COQ) on the same tissue (fig. 45). In both
cases, hypo-oxias and hypercapnlia induced a depression of
rhythmic movements and a precipitous drop of tonus wlth
complete recovery under norm&l blood.

A Trequent motor response of the gut to anoxia is seen

in fig. 57. In this figure, low Og (7%) caused an initial

temporary but sharp rise of tonus and an lncrease in the
amplitude of the rhythmic contractions; this was followed

by a sudden depression of tonus and rhythmlc motllity to

gbout normal. The initial increase of intestinal tonus was

of such magnlitude as to cause & distinct decrease of the

already augmented blood flow to almost the normal level, in

spite of the anoxic vasodilatation the onset of whicnh pre-

ceded the temporary motor reaction.
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Figure 57. Illustrates 1nfluence of 7% 0o on 1ntestinal
motility. Tracings from above downward: arterial in-
flow by thermopile; venous outflow plotted 1In drops per
minute; A.PR. arterial pressure; intestinal contractions;
ZL. zero line; venous outflow drop; time in minutes.
Simultaneous ordinates marked by X.

With the temination of thls tonic contraction the flow
resumed its rise abruptly to about double the normal value.
Shifting to normal blood caused a very sllght but temporary
increase of tonus and subsequent return to normal; and the
blood flow decreased gradually to the pre-anoxic level.

In addition to the above experiments which demonstrate
the influence of anoxia on the intéestinsl motllity by adm&n-

istrating hypo-oxic blood (i.e. anoxic anoxia), the effect

of anoxia resulting from arterial occlusion and from diminution

of the blood supply consequent upon lowering the arterial



154

pressure were also investigated in this study, as already
.
mentioned in Sectlon II of this thesis (see figures 26 and
22). 1In all these anoxic states, as can be seen 1in the
respective figures, there occurred a marked inrhibition of
the rmythmic contractions to almost quiescence, and a drop
of tonus.
Piscussion:

The literature contains a large volume of Information
concerning the influence of anoxia on the motility of the
castro-intestinal trect. The metnods of study employed Ly
‘he dlfferent workers are numerous, bubt, to our knowledge,
no work has been done on isolated perfused loops. ©Cne of
the most common methods 1is that in which smeall strips of
the intestlne asre suspended in a bath through which oxygen,
or the deslred gas mixture, is bubbled. Schnohr (1934)

employed another method in which he inserted a cellophane

window in the abdominal wall through which he could observe
the intestinal movements. He found that anéxia caused an

immedla te cessation of all intestinal motility. Peterson,

Smith and Hale (1938) studied the effects of carbon monoxide
anoxia on the gastro intestinsl motlility and found that.
saturation of the blood by 70 to 80% CO (inhalation) inhipited
peristalsis by 33% and delayed the "egestion" time (time
required for Tlrst appearance of fecal pellets following

test meal) by 22%. Van Liere et al (1943) carried out ex-

tensive lnvestlgation on the study of the effects of anoxla
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on the gastro-intestinal motility using mostly Macht's
technique, i1.e., the direct measurement in the small in-
testine of the progress of a plgment-mucllage mixture. They
reported that an effective degree of anoxia_(lo% Os in
respired alr mixture) was capable of decreasing hunger con-

tractlions, gastric motility and contractions of the large

intestine. On the other hand severe degrees of anoxic
anoxia (as low as 45 mm. lg pressure) had no effect on the
motllity of the small intestine of dog and only slight in-
hibition in mice. Frank and Grandpierre (1244) recorded

the movements of the small intestine in the intact animal
(by balloons) during inhalation of gas mixtures of low 02
(2%), and found that under such conditions there occurred

an lmmediate depression of motor activity of small intestine
which they attributed to: (1) direct effect of oxygen
deficiency on smooth muscles, (2) indirect effect through
adrenalin discharge, (3) central inhibiltory mechanism con-
veyed by sympathetic efferent roots. Gross and Clark (1223),
using isolated intestinal strips, found that bubbling of
nitrogen in the bath fluid led to a decrease of the 1t es-
tinal tonus.

Our experimental results on the 1lsolated perfused loop
demonstrate that anoxia resulting from lowered arterial -
oxygen tension as well as from arterial occluslon and lower-
ing of the arterial pressure, cause a predominant inhlbition

of the gut movements and a drop of 1ts tonus; occasionally
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such predominent inhibition was preceded by an initial
transient stimulaetion. It is of interest that the motor
reactiocns of the loop under these types of anoxia werse
strikingly similar, which observation may be indlcative of
a common causal factor operatings under these conditlons.
It is evident that these responses to anoxla arise from a
local actlion of the ultimate causal agent, whatever 1t méy
be, on the intrinsic nerve plexuses (myenteric), nerve

endings, or the effector cells themselves.

III EFFECT OF ACETYLCHOLINE ON INTESTINAL MOTILITY AND

INTESTINAL BLOOD FLOW

The physiological importance of acetylcholine in relation
to the motility of the gastirc-lntestinal tract and to the
tone of the peripheral blood vessels is well recognized.
In the light of our experimental results concerning the in-
timate relatlionship between the motor activity of the small

intestine and the blood flow through this organ, 1t was of

-

interest to investipate what influences this substance might

have on such interrelationship. This investigation was also

called for in view of the inconsistency of the experimental

data found in the literature pertaining to the direct effect

of thiis drug on the intestinal blood vessels.

Results:

The effects of different concentrations of acetylchollne
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hydrochloride (in saline), varying from 3:100,000,000 to
1:10,000, were studled in our experiments. Adminlstration
of the drug, previously warmed to the bath temperature, was
accomplished bty injectlon into the perfusion blood with the
aid of a needle introduced Into the inflow tube. In order
to insure the arrival of the whole dose of acetylcholine to
the loop, and to mavold its destruction by the blood, the
drug was introduced as nesr to the tissue as possible; con-
trol injections of equal volumes of sallne, were carried out.

Typlcal effects of acetylcholine are shown in fig. 58.
Here, injectlon of 0.4 cc. of a 1:10,000 solution of the
durg over a period of 100 secs., caused a sharp increase
In the blood flow and shortly thereafter a marked motor
response In the loop. By careful examination of the record,
it 1s seen tlmt this motor response consisted of an

increase

in the amplitude of the rhythmic movements superimposed on

three main tonic contractions. As would be expected, t hese

tonlc contractions led to a dlstinct interference with the
augmentation of the flow induced by the drug so theat, during
each tonic contraction, the blood flow was markedly decreased
then rose at the end of the contraction. In this figure,

1t is also noteworthy that the vascular reaction outlasted
the motor response which came to an abrupt end whnile the

flow diminished gradually toward normal. Control injection

of an equal volume of saline over the same period of tims,
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Figure 58. TIllustrates effect of acetylcholine on intestinal
motility and Intestinal blood flow. Tracings from above
downward: arterial inflow by thermopile; venous outflow
plotted in drops/mih.; intestinal contractions from
upper end of loop; A.PR. arterial pressure; intestinsal
contractions from lower end of loop; Z.L. zero line;
venous outflow drops, time in minutes. Simultaneous
ordinates marked by X. 0.4 cc. of 1:10,000 solution
of acetylcholine hydrochloride in saline iInjected over
e period of 100 secs. Control is by 0.4 cc. saline
injected over same period. 1

did not cause any signiflicant change in the blood flow or
the motor activity of the gut, which finding indibates that
the Increase in blood flow induced by acetylchioline represents
28 active vasodilatation.

From the above figure (58), it i1s evident that the motor
reaction Qf thhe gut to acetylchollne tends temporarily‘ﬁo

decrease tune vasodilatation induced by the drug, by virtue

of tlte passive vascular compression during the nigh tonus.

In some cases, as 1in fig. 59, such motor response was S0
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strong as, not only to mask the vasodlilatetion, tut also
to cause a marked transicnt diminution of the flow to well
below normal. Here, however, evidence indicating the occurrence

of vascular dilatation by the drug can still be seen. Thus,
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Figure 59. Illustrates effect of acetylcholine on intestinal
motility and intestinal blood flow. Tracings from above
downward: arteriel inflow by thermopile; venous outflow
plotted in drops/min.; intestinal contractions from
both ends of loop; A.PR. arterial pressure; ZL. zero
line; venous outflow drops; t ime in minutes. Simultan-
eous ordinates marked by X. 0.8 cc. of 1:10,000 sol-
ution of acetylcholline hydrochloride injected twice over
a perlod of 30 seconds each time.

in both adminlstrations of acetylcholine 1In this flgure (52)
(0.8 cc. of 1:10,000 solution), there occurred a definite

increase in the blood flow before the appearancse of the motor

response. This augmented flow was then decreased by the

tonic contractions evoked by the drug to below the nomal

level. But, as can be seen in the first acetylcholine
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administraticn, the flow increascd agaln to above normai'
at the termination of the relatively siiort tonic contraction.
In the second adninistration the motor response consisted

Fal

of swo partly separated tonlc contractline and was not
followed by an increase in the {low probably because of the
disappearance of the temporary vasodilator action of the
drug. However, the temporary brief rise of flow seen at

the sudden drop of the flirst tonlc contraction suggests—that
the predominant decrease in flow was due to & mecnanical

vascular compresslion rather than to an active vasocconstriction,

31l nce the latter should have resulted In continued diminution

of the flow.

In further support of the vascdilator action of acetyl-
choline, are the results shown 1n fig. 60. In this figure,

acetylcholine, in doses of 0.2 cc., 0.1 cc. and 0.05 cc. of

a 1:10% solution (in parts &, B and C respectively), caused

a predominant increase in the blood flow; the gut activity on
the other hand, was not significantly affected except for a
slight initial inhibltion, followed by a slignt tonlc rise

in A to which 1s ascribed the simultaneous temporary small
drop in the augmented flow. It 1is noteworthy that the vaso-

dilator action of acetylcheoline was proporticnal to the dosse

of the drug administered, as can be seen in the figure.

(Control injection of saline did not cause any significant
change in the blood flow, indicating that the increase in the
blood flow, induced by acetylcholine, was due to an active

vasodilation.)
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Figuwe 60. Illustrates effect of acetylcholine on intestinal
blood flow. Tracings from above downward: arterial
inflow by thermopile; venous outflow plotted in drops
per minute; intestinal contractions from both ends of
loop; A.PR. arterial pressure; Z.L. zero line; venous
outflow drops; time in minutes. Simultaneous crdinates
marked by X in A. A, B and C are from same experiment;
in A, 0.2 cc. of 1:10,000 solution of acetylcholine
hydrochloride injected (and control iInjection of 0.2

ce. saline); in B, 0.1 cc. of same solution, and in
c, 0.05 cc.
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In an attempt to further 1lsolate the motor reactions
of the gut to acetylcholine from the vascular reactions, and
to ascertain whether atropine abolishes the vasodilator action
of acetylcholine, as has been malntained by some investigators,
the loop was atropinized to render the gut quiescent. (Atro-
plne sulfate was adminlistered in the same manner as described
for acetylcholine). The results of administration of different
concentrations of acetylcholine after such atropinization
(by 0.2 mgm. atropine) are shown in fig. 61. Here, all
acetylcholine injections were made instantaneously, and con-
sequently the injection artefacts on the inflow recording

(temporary sharp drop) were accentuated due to interference

with normal flow through the thermopile vessel; as would be

expected these artefacts were not registered by the venous
outflow thermopile. In part A, the first injection was a

'control', in which 0.3 cc. saline was used; the next three

injections and a fourth in part B were of increasing concen-
trations of the drug: 0.3 cc. of 1:107, 1:106, 1:105 and
1:10% respectively. The first administration of acetylcholine
(1:107) caused a slight but definite increase of both out-
flow and inflow, followed by a gradual decrease to a subnormal
level; wlth the second asdninistration (1:10%) both these

changes were accentuated. The third administration (1:109)

caused a marked increase in the flow, which subsequently
diminished very gradually tv below the pre-admlnistration

level. These filrst three concentrations of the drug did
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Figure 61. Illustrates effect of acetylcholine on satropin-
ized loop. Tracings from above downward: arterial

inflow and venous outflow by thermoplle; A.PR. arterial
pressure; inteatinal contractions; Z.L. zerc line; venous
outflow drops; time in minutes. Simultaneous ordinates
marked by X In A. A and B from same atroplnlzed tilissue
(by 0.2 mgm. atropine sulfate); in A, the following
injections were mmde: 0.3 cg. saline (control), 0.3
cc. of 1:107, 1.106 and 1:10° solutions of acetylcholine
in salime; in B, 0.3 cc. of 1:10% solution of acetyl-
choline. Arrows on arterial inflow curve point to time
of injections. Sharp temporary drop in inflow curve
is an artefact due to instantaneous injection and con-
sequent 1lnterference with 'normal' flow thirough 1iInflow
thermopile vessel.

not evoke any motor reaction 1in the loop, as can be seen

in the figure. The highest concentrsation used (12104), in
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part B, caused the greatest Iincrease of flow whlich was main-
tained above the pre-injectlion level for about 6 minutes,
with a gradual diminution tc below the pre-injection level.
This concentration, unlike the others, did evoke & brief but
well -pronounced tonlc increase (in spite of atropinization),
followed by gquiescence; towards the end of the record the gut
showed a rise in tonus and appearance of rhythmlic contractlons,
probably a sign of recovéry from the atropine effects.

The results described above 1in the atropinized loop
constitute, therefore, {urtlher evidence that acetylcholine,

in the doses mentloned, has a predominant locegl dilator

¢

action on the intestinal blood vessels. It 1s also evident

tat the vascular reactions to this drug were not elimlnated
by the action of atropine. The tendency of the blood flow
tc decrease with successlve doses of acetylcholine (compare
flow level at the beglnning of A and at the end of B)
suggests the possibility of some secondary vasoconstrictive
effect of acetylcholine. There may, however, be other factors
Involved e.g. changes 1In blood viscoslity or spontaneous
changes 1n the vascular tone.

Since 1t is generally recognized that the different

anticholinesterases, e.g. physostygmine, aclds, COQ, poten=-

tiate the action of acetylcholine in the varicus tissues
(especially the nervous system), it was deemed of interest
to determine the iInfluence of CCo which 1s consldered as a

physlological anticholinesterase, (Gesell, 1942) on the
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motor response of the intestine to acetylcholine. For this
purpose identical doses of the drug (0.4 cc. of 1:10% solution)
were administered during "normal" as well as during hyper-
capnic (lO% COQ) perfusion. The results of such procedure
are shewn in fig. 62, where 1t 1is seen thet during hypercapnia
the guﬁ response to acetylcholine was markedly augmented.

This would indicate that COQ has acted as an antichollines-

terase.
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Figure 62. Illustrates potentiating influence of CO2 on
intestinal moito r response to acetylcholine. Traclings
from above dwnward; venous outflow plotted iIn drops
per minute; intestinal contractions from both ends of
loop; A.PR. arterial pressure; Z.L. zero line; venous
outflow drops; time in minutes. Simultaneous ordinates
marked by X, 0.3 cc. of 1:10,000 solution of acetyl- o
choline injected during "nommal", and during hypercapnic
(104 COp) perfusion.




Discussion:

The experimental data reported in the literature con-
cerning the actlon of acetylchollne on the intestinal blood
vessels, and on the vascular bed of the gastro-intestinal
trect In general, are distinctly inconsistent and even con-
tradictory. Thus, following the discovery by Hunt and Téveau
(1206) of the intense hypotensive action of this drug on the
general blocod pressure, Dale (1914), using a plethysmograph,
found that acetylcholline caused an increase in the intestinal
volume (cat) which he Iinterpreted as due to vasodilatation.
Hunt (1917) carried out similar plethysmographic experim;nts
on the rabblts' small Intestine and also determined the venous
outflow from this organ (in cats) but declined to draw any
final conclusion concerning the vascular effect of acetyl-
choline since he questioned whether his results were not com-
plicated by contractions of the intestine and by changes in

the general blood pressure. (He did state, however, that

acetylcholine "...seems also to dilate the vessels of the
intestine and liver.") Fleisch and coworkers (1931) found

a vasoconstriction in the vena colica and vena mesenterica
superioris (of cats and dogs) with a btig dose of acetyl-'
choline, and a vasodilatatlion with small doses. Hirose (1932)
observed that blg doses of the drug caused a decresase in the
venous outflow from the portal vein together with a rise in
the blood pressure. Necheles et al (1936) stated that acetyl-

choline in doses up to 1:2,000,000 caused constriction in the
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vegsels of the perfused (with Ringer's solution) stomach
of rats; doses of greater dilutiocn were without effect.

It should be emphasized here that none of the above
authcrs carrled out slmultaneous recording of the intestinal
contractions during the dru; administration, a faczt which
mignt have great bearing in their interpretation of their
findings. Thus, 1t has been shown in our results that the

motor response of the put was occasionally capable of masking

the vasodilator action of acetylcholine or even causing a

subnormal flow in the face of an existing vasodilation induced’*
by the drug, especially with large doses (fig., 59). There-
fore, 1t may be suggested that, what some of these authors
(Fle isch, Hirose, and Necheles et gl) interpreted as an active
vasoconstrictive action of acetylcholine, was in fact due

to a passive compression of the vascular bed during a simul-
teneous rise 1in gut tonus. In further support of this inter-
pretation 1s the fact that t: ese workers had used‘relatively
big doses of acetylcholine which might have evoked cons;der—
able motor reactions; Flelsch mentioned that re obtained
vasoconstriction with big doses of the drug and vasodilata-

tlon with small doses.

Our experlmental results indicsate conclusively, then,

that acetylcholine, 1n concentratlions of from 1:10,000 to
3:10,000,000 has a predominant local vasodilator action, the
magnitude of which is apparently proportional to the dosage

of the drug (figures 60 and 61). It has also been shown
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that this vascular response usually sappeared before andg
outlasted the motor response of the gut when such occurred,
and with smaller doses of acetylcholine only thie vasculsr
response appeared (fig. 60). This apparent difference Le-
tween tle vascular and motor reactions may be attributed to
a partlial destruction of tlie drug during its passage from
the blood vessels to the intestinal tissue, so that the
latter would be subjected to = relatively smaller dose than
the vascular walls.

The questlon z2s to whether acetylcholine dilates the

intestinal bloocd vessels by stimulating some vasodllator

nerve endings 1n the vascular walls or by a direct action
cn the smooth muscles of these walls, cannot be answered by
our experiments. Howsever, assumlng that atropine "paralyzes"
any vasodilator nerve endings (as maintained by many authors),
our experimemts on the atropinized loop (fig. 61), in which
acetylchioline s8till caused vasodilatation, may indicate
that this drug is capable of acting directly on the vascular
walls.

The enhancement of the motor response of the gut to
acetylcholine under hype rcapnia (fig. 62), points strongly
to a potentiating influence of COs. Such a potentiation | é
would not e unexpected in view of tne anticholinesterase
action of COo, probably induced througn its acid properties,

as 1t 1s the case in other tissues, e.g. nervous system

{Gesell, 1942).
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SUMMARY OF HESULTS:

(1) In this study, lsolsted loops, about 5 inches long,
of dogs small intestine were perfused with heperinized dog's
blood; in scme experiments the loops were pcrfuéed 'in situ!
with their nervous connectlons to the C.N.S. intact. In
these experlments the venous outflow, arterisl inflow, intes-

tinral contracticons, arterial and venous pressures were con-

tinuously recorded.

(2) T:e rhythmic actlvity of the small intestine caused

intermittence In its intrinsic blood flow. During each con-

tractile phase the venous outflow was increasecd while the

arterial inflow was decreased; this relationsrip was reversed

during esch relaxation phase.

(3) The increase in the outflow during each contractile
phase 1s caused by the expulsion of venous blood contained
in the capacious vascular bed of the intestinal wall. Such
rhythmical expuls lon durlng rhythmic contra;tions of" tne gut
constitutes a propulslive force acting as a pump which
facllitates the onward movement of venous blood.

(4) Tonic contractions of the small Intestine caused
a prédominant decrease 1in both the arterlal inflow and venous
outflow which persisted throughout the period of high tonus;
the decrcase in the outflow was occasionally preceded by
an inltial temporary increase particularly in repidly develop-
ing tonic contractions. Such initial decrease in the outflow

is attributed to the sudden expulsion of venous blood upon
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the onset of the tonic state.

(5) Strong and relatively sustained tonic contractions
were followed by a pronounced after-effect which consisted
of a temporary supranormal blood flow. This after-effect
may be attributed to the actlon of vasodilator substances
released from the tissue during the period of high tonus.

(6) Incressed motor activity of the small intestine
caused an augmentstion in its intrinsic mean blood flow by
virtue of lncreased formatilon of vasodilator metabolites

and by increased propulsive power of ttie rhythmlc contractions

on the blood flow.

(7) Sudden elevatlon or lowering of the arterial pressure

caused characteristic transient motor responses 1In the gut.

BEvidence was given that such responses are induced by the

mechanical stimulation inherent in ti.e pressure change per
se. In the elicitsastion of these motor reactions the rate

and the magnitude of the pressure change are important

determining factors.

(8) Elevation of the arterial pressure and its mainten-
ance at the hlgh level caused a predominant enhancement 1in

the motor activity of the gut, whereas lowering of the sr-

terial pressure and 1ts malintenance at tle low level led to

predominant depresslion after the initial stimulation. These

changes 1In the intestinal motor activity are ascribed chiefly
to the attendant 1ncrease or decrease of the volume flow of

blood respectively, although here the changes in the



171
intrsvascular pressures per se may also be contributing
factors.

(9) Alterations in the venous pressure caused motor
responses similar to those induced by arterlal pressure changes.
Here again, the rate and thne magnitude of the venous pressure
change ars important determining flactors.

(10) Maintenance of & supranormal venous pressure caused
g striking increase In the amplitude of the intestinal
rhhyttimic contractions. This phenomenon is of extreme
slgnificance in the Intact animal since such increase in

the amplitude of rhythmic motility would lead to an increased

propulsive power on the blood flow thus furrnishing a means
to aid tiie movement of venous blood from the small intestine
to the liver against undu¢ly nigh pressures in the portal
vein.

(11) Oceclusion of the arterial inflow to the tlssue
caused a predominant depression of the pgut movements and a
drop of the arterial pressure to zero. Such depression of
sectivity 1s due chiefly to the stoppage of the arterial supply

and probably also to the decreased intravascular pressure

per se. De-occlusion of the inflow caused an inltial tempor-

ary supranormal motor activity and blood flow, followed:- by

a return to normal. The tempcrary supranormal flow 1is best
explained as due to anoxic vasodilatation during the period
of occlusion; the inlitial motor response is most probably due

to the sudden rise of arterial pressure per se.
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(12) Combined arterial andé venous occclusion and de-
occluslon caused reactlons similar to those induced by simple
arterial occlusion and de-ccclusion.,

(13) Venous occlusion caused predominant increase in
the intestinal motor activity which is ascribed to the
attendant rise ln the venous pressure. The ennanced rhythmic
activity led to an increased propulsive power on the blood
flow'which resulted in a further rise in the venous pressure
to levels far 1In excess of the arterial pressures.

(14) Sudden elevatlion of the arterial pressure caused
vasoconstriction while sudden lowering of the pressure caused
vasodilatation in the 1solsted Intestinal loop. These
vascular reactions are attributed to the sudden increase
or decrease of the intravascular tension respectively.

(15) Shifting from constant to pulsatile perfusion
pressure caused a predominant depression in the motility
of the isolated intestinal loop independent of any changes
in the blood flow; occasionally this depression was pre-
ceded by an inlitial temporary rise in tonus.

(1) Shifting from constant to pulsatile perfusicn

Pressure caused definite changes in the tone of the dener-

vated intestinal blood vessels. In most cases the vascular

reaction.to pulsations consisted of an inltisl temporary

decrease followed by a more prolonged lncrease in the blood
flow. Occastionally pulsations caused pure vasodilatation

or pure vasoconstriction. The suggestion was made that there
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are two antagonlstic mechanisms involved in the wvascular

reaction to pulsaticns, namely a vascconsitirictor and an

augmentative or vasodilator mechianisms, and toat atroplre

may act diftferentially on these mechanisms by paraslyzing

thie vasoconstrictor reaction only.

(17) raising the 1Intestinal intrelumenary pressure to
levels within the range of those occurring In the 1Intsct
enimal, caused a predominant decrease in the btlood flow and
an increase in both the tonus and rhythimic actlivity of the

isolated loop. The decrease in the blood flow is attributed

to passive vascular compression.

(18) iypercepnia (COp concentretions equlvalent to
6.7%, 10%, 12% and 15% in comparison to "normal" of 4% in
equilibrating gas mixture) caused & predominant local dilata-
tior and & central and reflex constriction in the intestinal
blood vessels, both innervated and denerveted. Acapnls
caused a predominant local vasoccnstriction.

(19) Hypercapnia (same COgo concentrations as above)
caused & predcminant depression of the gut movements wiiich
was occaslonally preceded by an inltlal temporary increase
in the rhyttmic activity and tonus. Such initial rise in
the gut tonus occasionally caused a decrease in £he blood

flow to subnormsl levels in spite of the existing vasodila-

tation (induced by hypercapnia).

(20) Reduction in the arterial oxygen tension (to values

equlvalent to 10% and 7% in the equilibrating gas mixture,
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in comparison to "normal" of 30%) caused a prcdominan’ local
dilatation in hotly the innervated and denervatsed lntestlnal
blccd vessels. Asphyxia ceused & predcminant central anad
reflex vasccenstrictlion in the intestinul loop completely
isolated except for its nervous connections to the C.N.,S,

(21) Administration of cyanide into the perfused loop
caused a predominant local vascdlilatation.

(22) Anoxisa resulting frcm low arterial 0o tensions
(equivalent to 7% in equilibrating fas mixture), or from
arterial occlusion or lowering of the arterial blood pressure
caused a predominant depression In the motor activity and
tonus of the perfused isolated loop. This depression was
occasionally preceded by an inltial temporary stlmulction.

(23) Acetylchollne In doses of from 3:10,000,000 to
1:10,000 caused a predominant local vasodilatation, andg
witi the stronger doses there occurred siroig

st imulation
of gut motility znd tonus., Thls lncrease In tonus was
occaslionally capable of masking the vasodilator action of

the drug, or even decr:asing the blood flow to subnormal

levels.
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