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rWAPTER I

GENERAL

INTRODUCTION

In spite of the demonstrated Importance of the adrenal gland,
especially under stress situations, little is known about adrenal
blood flow (ABF), changes in this flow during various conditions,
or the factors which control It.

The increased secretory activity

of the adrenal, required for an adequate response to stress, may
be dependent upon blood flow.

A decrease In flow to the gland may

limit Its secretory response by reducing both the delivery of the
ACTH required for increasing secretory activity of the cortex and
the output of secreted hormones (corticosteroids, catecholamines).
During a stress situation such as hemorrhagic hypotension, there
is a marked decrease in blood flow to most splanchnic organs.

This

decrease is attributed to the decrease in perfusion pressure, increased sympathetic constrictor activity, and release of constrictor
humoral agents.

If ABF decreases In a manner similar to its neigh-

boring organs this could In part account for the poor recovery from
an extreme hypotensive stress.
Therefore, the overall objectives of this study were to 1)
describe adrenal blood flow patterns during hemorrhagic hypotension,
and 2) investigate the role of possible neural and humoral Influences which might be involved in the regulation of blood flow through
this bed both during normal and hypotensive states.

Information in the literature describing ABF is limited
because the adrenal vascular architecture does not lend itself
easily to circulatJon studio .

The multiple arterial supply of

the adrenal precludes a direct arterial cannulation procedure in
the intact dog.

Adrenal arteries arise from the aorta, phrenic,

renal, and sometimes celiac and superior mesenteric arteries.
Individual arteries divide five or six times on the adrenal surface before penetrating the capsule and forming radially arranged
capillary nets.

Additionally, there are medullary arteries which

course through the cortex and break into a capillary network at
the level of the medulla (19).
In contrast to the diffuse nature of the arterial supply,
the venous drainage arises from the medulla and forms one central
vein which empties Into the lumbo-adrenal vein (LAV) (19).
Cannulation of the LAV for collection of adrenal effluent
Is feasible.

Therefore, most of the early work which Investigated

ABF during hemorrhage used this technique (7,21,58).

In these

studies (7,21,58) hemorrhage resulted in a decrease in ABF and increase In adrenal vascular resistance (AVR).

The increase in Corti-

sol output normally observed during hemorrhage was absent and In
most cases Cortisol levels were reduced 30 to 60^ below control.
Recent work has used noninvasive techniques Involving radioactive Isotopes.

Saplrstein (49) studied the distribution of cardiac

output in the rat using the technique of rubidium washout.

In con-

trast to the earlier work he found ABF was maintained during mild
hemorrhage (90 mmHg MABP) and decreased in severe hemorrhage (30

mmHg MABP).

More recent studies examining the distribution of

cardiac output during hemorrhage using radioactive microspheres in
the dog (53), rabbit (38), and monkey (20) generally support the
work done by Sapirstein.

No studies, however, have been designed

specifically to examine ABF during hemorrhagic hypotension using a
noninvasive technique.

In the studies mentioned above (53,38,20) ABF

was merely an ancillary measurement.

The divergent changes in blood

flow reported between the cannulation and isotope studies may be
due to the differences in methodology, species, and temporal aspects of these studies.

These factors make comparisons between the

various experiments difficult and preclude making a clear statement
as to the pattern of adrenal blood flow during hemorrhagic hypotension.
Regulation of adrenal blood flow could involve neural, humoral,
metabolic and/or myogenic mechanisms.
ABF little work has been done.

In terms of neural control of

A neural influence on ABF is likely

because stimulation of the splanchnic nerve decreases blood flow to
several neighboring organs Including the stomach (57), intestine (10),
liver (26), and spleen (9).

Further, during hemorrhage, flow de-

creases to all of these organs and Is accompanied by an increase in
resistance across the splanchnic bed.

Stimulation of the splanchnic

nerve has been shown to both increase (7) and decrease ABF (34).
nature of the activity of the splanchnic component Innervating the
adrenal vascular bed has not been characterized during hemorrhage.
Because the work of Malmejac (34) suggests the adrenal vessels are
Innervated by both sympathetic pregnanglionic

The
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cholinergic and postganglionic adrenergic fibers a maintenance
of flow during hypotension could be mediated by a 3-adrenergic or
cholinergic dilatvr mechanijm.
In terms of humoral vasodilators, the circulating levels of
prostaglandins, histamine, and ACTH are elevated during hemorrhage
and could mediate a decrease in AVR during hypotension.

ACTH has

been shown to increase ABF In the rat (48), calf (5), and dog (54).
One report suggests that PGI^ decreased AVR in both maternal
and fetal sheep (43).

Furthermore, blockade of prostaglandin syn-

thesis during hemorrhage results in an increase in total peripheral
resistance, MABP, and increased vascular resistance In the heart,
brain, kidney, and small Intestine, suggesting that prostaglandins
play a generalized vasodilatory role during hemorrhage (31).
In addition to ACTH and P G U , histamine also causes vasodilation in the intact (55) and transplanted (61) adrenal.

In these

studies there was no effort to determine the type of histamine receptor involved.

Although the effects of histamine can vary, it

usually acts as a dilator at the microvascular level (2). This
fact in combination with the Increased histamine levels during hemorrhage make it a possible mediator of a decreased AVR during hemorrhage.
The initial approach to the current project included measurements of ABF made prior to and at several stages of hemorrhage.

For

comparative purposes, blood flow In the heart and pancreas were also
measured.

These organs were chosen because the heart Is known to

autoregulate coronary blood flow to a limited degree (6,46) whereas

pancreatic blood flow is severely reduced during hemorrhage (29).
In order to assess the role of the autonomic nervous system, aand 3~adronergic
vestigated.

cholinerr-lc -ind ganglionic influences were in-

Finally, experiments were conducted to define the

possible roles of prostaglandins, histamine, and ACTH as humoral
factors.

CHAPTER I I

METHODS

General Surgical Preparation
Adult dogs of either sex (20 to 30 kg body wt.) were anesthetized with sodium pentobarbital

(30 mg/kg i.v.).

A tracheal tube

was inserted to maintain a patent airway and the animals were allowed to breathe room air spontaneously.
were performed on all dogs.

The following cannulations

A cannula was inserted Into the left

median artery and connected to a Statham pressure transducer for
recording of blood pressure on a Beckman R-411 Dynograph recording
system.

Drugs were administered through a cannula inserted into

the right cephalic vein.

The animals were bled from a cannula

placed in the abdominal vena cava via the right femoral vein.

The

right femoral artery was cannulated for withdrawal of arterial blood
during microsphere injection.

A pediatric, pig-tail cardiac cathe-

ter was passed into the left ventricle via the right carotid artery
for microsphere Injection.
sure recording.

Catheter placement was verified by pres-

Subsequent to surgery the animals were heparlnlzed

(300 units/kg body wt. I.v.) and allowed to stabilize for 30 minutes

Blood Flow Measurements
In all animals, blood flow was measured by the radioactive
microsphere technloue as described by Rudolph and Heymans (47).
Three sets of microspheres (15 ± 3y dia.; 3M Company) containing
the labels

Sr,

Cr, and

Ce were prepared for injection by

drawing into a syringe approximately 1.3 x 10
pended in 0.3 ml of dextran.
a total volume of 3 ml.

microspheres sus-

This was diluted with 0.15 N NaCl to

In order to insure a homogeneous suspension

and eliminate aggregation the microspheres were vortexed and sonicated for 20 seconds immediately prior to both the time of filling
the Injection syringe and Injection Into the animal.

The microspheres

were administered by bolus injection Into the left ventricular catheter and flushed with a 5 ml bolus of 0.15 N NaCl.

The total Injection

procedure required approximately 15 seconds.
As a reference flow, blood was withdrawn from the femoral
artery at a rate of 5 ml/min using a Harvard withdrawal pump.

The

pump was started 5 seconds prior to microsphere Injection and blood
was withdrawn for a period of 2 minutes.
At the conclusion of the experiment the reference blood plus
washes from the collecting syringe were put into Beckman blovials.
The adrenal glands were removed and each placed in a separate biovial.

Additionally, the heart and pancreas were removed.

Because

of the size of these organs, they were individually diced into small
pieces, the pieces mixed thoroughly, and five vials filled with a
random sample of the chopped tissue in order to obtain an average
organ flow.

Weights were obtained for all tissue samples.

Radio-
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activity in each vial was measured by counting for 1 minute in a
Beckman Biogamma.

Tissue blood flow and resistance were calculated

using an -nteractive progran on the PDP-11 computer according to the
method described by Lydic et^ aj_. (32).
100 g tissue.

Flow was expressed as ml/min/

Resistance was expressed as mmHg/ml/min/100 g tissue.

All data was analyzed using a multiple Student's t-test.
confidence level was accepted as significant.

A 95^

The level of signifi-

cance is indicated in the figure legends.

General Protocol
The three differently labeled sets of microspheres permitted
three flow determinations per experiment.

The first flow measure-

ment in every experiment was a control taken after the 30-minute,
post-surgery, stabilization period.

Subsequently, measurements were

taken following two treatment periods.

These treatments consisted

of either drug administration or hemorrhage.

Hemorrhage was Induced

by allowing the animal to bleed freely into a graduated cylinder
from a cannula positioned in the abdominal vena cava.
As a preliminary group of experiments, measurements were made
In four dogs at 30 and 105 minutes following completion of the surgical procedures.

No hemorrhagic or pharmacological

Intervention was

made In these animals and the times were selected to bracket the
experimental periods to be used in future studies.

It can be seen

from the data presented in Figure 1 that adrenal blood flow and resistance were not significantly different between the control measurement and 75 minutes later, supporting the concept that changes seen in
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the remaining studies were the result of the specific Intervention
rather than deterioration of the preparation.

This relationship was

also true for pancreas and heart.

Specific Protocols
ABF during Hemorrhage (Experiment 1):

Blood flow was measured

In five dogs following hemorrhage first when MABP reached a value
midway between control
reached 50 ± 0 mmHg.

(133 ± 9 mmHg) and 50 mmHg and again as MABP
Mid-point MABP averaged 89 ± 4 mmHg.

After each blood flow measurement 5 ml of venous blood was collected for determination of plasma Cortisol levels by radioimmunoassay (36).

The Cortisol analysis was performed in the Department

of Medicine, Texas Tech Health Sciences Center, Lubbock, Texas.
Neural Control

(Experiments 2-5):

This group of four experi-

ments was designed to investigate the role of 1) 3-adrenergic receptors, 2) a-adrenergic receptors, 3) ganglionic transmission, and
4) cholinergic receptors during hemorrhage.

In experiments 2 and 3,

blood flow was measured In five dogs each following 3"'adrenergic
and a-adrenergic blockade respectively.
In experimental group 2 3-adrenerglc blockade was established
by bolus injection of propranolol

(0.2 mg/kg body wt. i.v.).

Block-

ade was verified by the absence of a blood pressure response to a
test dose of Isoproterenol

(10 yg).

Prior to blockade, this dose

of isoproterenol produced a biphasic change In arterial blood pressure consisting of an Initial incr>^ase in systolic blood pressure
of approximately 40 mmHg followed by a decrease of systolic and diastolic blood pressure of approximately 70 and 80 mmHg respectively.
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In experimental group 3, a-adrenergic blockade was established
by infusion of phenoxybenzamine (5 mg/kg body wt.) over a period of
ai least one hou- to minimize the decline In MA3P due to the removal
of tonic a-adrenergic constriction tone.
the experiment was terminated.

If MABP fell below 100 mmHg

Alpha-adrenergic blockade was veri-

fied by the absence of a pressor response to a test dose of norepinephrine.

This dose of norepinephrine before blockade produced an

Increase In systolic and diastolic blood pressures of approximately
55 and 40 mmHg respectively.
In both experimental groups 2 and 3, the animal was hemorrhaged
to 50 mmHg subsequent to adrenergic blockade and blood flow was
measured again.
In experimental group 4, blood flow was measured in five dogs
following ganglionic blockade established by continuous i.v. infusion
of trimethaphan (approximately 0.32 mg/min for 20 minutes) titrated
to reduce MABP to 50 mmHg.

Because effective blockade required ad-

ministration of sufficient trimethaphan to produce a marked hypotension, it was decided to titer the dose to produce a depression of
MABP equivalent to that obtained with hemorrhage, and therefore, no
hemorrhage was done In this experiment.
In experimental group 5, blood flow was measured In four dogs
following muscarinic blockade established by bolus injection of atropine sulfate (1 mg/kg body wt. I.v.).

Blockade was verified by

absence of a depressor response to a test dose of carbachol (0.2 m g ) .
Prior to muscarinic blockade this dose of carbachol was sufficient
to temporarily (5-6 beats) arrest the heart.

During continued
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muscarinic blockade ganglionic blockade was established as described
in experiment 4 and blood flow was measured again when MABP had been
reduced to 50 mmHg.
Humoral Control

(Experiments 6-8):

These •ihree groups of ex-

periments were performed to investigate the role of 1) prostaglandin
synthesis, 2) histamine receptors, and 3) ACTH on ABF during hemorrhage.

In experiments 6 and 7 in four dogs each, blood flow was

initially measured prior to blockade, then following blockade of
prostaglandin synthesis and histamine receptors respectively, and
finally following hemorrhage to 50 mmHg while under blockade.
Blockade of prostaglandin synthesis was established by bolus
injection of indomethacin (20 mg/kg body wt. I.v.).

In this case,

the post-blockade measurement of blood flow was made 30 minutes
after drug administration.

Blockade of prostaglandin synthesis

was not verified by an arachidonic acid challenge; however, this
dose of indomethacin has been shown to significantly block prostaglandin synthesis (16).
Combined Hj and H2 histamine receptor blockade was established by Injection of chlorpheniramine (0.2 mg/kg body wt. i.v.)
and cimetidlne (0.2 mg/kg body wt. i.v.).

Blockade was verified

by absence of MABP response to a test dose of histamine (50 yg).
This dose of histamine prior to blockade reduced systolic and diastolic blood pressure by approximately 40 and 45 mmHg respectively.
In experimental group 8, the brain was exposed by rongeuring
away the dorsal portion of the frontal bone of the skull.
dorsal sagittal sinus was tied off and the dura was

The
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clipped and peeled back to expose the brain.

An 8 cm length of PE

280 tubing connected to an aspiration unit was Inserted between the
cerebral hemispheres just rostral to the corpus col lossi'm and advanced
along the base of the skull until it lodged against the sela tursica.
The pituitary was then removed by aspiration with removal being confirmed visually at the conclusion of the experiment.

Additionally,

plasma Cortisol levels were measured Immediately after hypophysectomy
and at the time of blood flow measurement.

An increase in plasma

Cortisol was considered evidence of an incomplete hypophysectomy and
data from these animals were not included in the analysis of this
experimental group.

In the four dogs reported, plasma Cortisol

steadily declined following hypophysectomy.

levels

In several dogs not re-

ported here, autopsy revealed only partial removal of the pituitary.
Plasma Cortisol levels increased during hemorrhage in these dogs.
Blood flow was not measured before hypophysectomy, therefore,
an absolute control was not obtained.

For this reason the control

measurement taken 30 minutes following hypophysectomy is termed a
hypophysectomized control and is considered a treatment group.

Sub-

sequent to hypophysectomy, the animal was hemorrhaged to 50 mmHg MABP
and blood flow was measured again.

Chemical

Compounds

Nembutal

, Pentobarbital sodium, Abbott Laboratories

Isuprel , Isoproterenol hydrochloride, Winthrop Laboratories

(g)
Inderal , Propranolol hydrochlor Ic^e, Ayerst Laboratories
Adrenaline chloride solution. Epinephrine hydrochloride, Parke-Davis
Levophed bltartrate , Norepinephrine bitartrate, Winthrop Laboratories
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Phenoxybenzamine hydrochloride, glycerol. Smith Kline and French
Laboratories

(g)

Arfonad , Trimethiphan camsylate, Roche Laboratories

®

Carbachol , Carbamlne Choline, Merk Sharp and Dohme
Atropine sulfate, 0.15 N saline, Inland Alkaloid Inc.
Indomethacin, phosphate buffer, Merk Sharp and Dohme
Histamine diphosphate, 0.15 N saline, Sigma Chemical Company
Tagumet(R), Cimetidlne hydrochloride, Smith Kline and French Laboratories
Chlorpheniramine maleate, 0.15 N saline, Schering Corporation

CHAPTER I I I

RESULTS

Adrenal, Pancreatic, and Coronary Blood Flow during Hemorrhage
ABF did not significantly change during either the mild or
severe hemorrhage.

Consistent with this, adrenal vascular resis-

tance was reduced (p < 0.001) below control at a MABP of 50 mmHg
(Figure 2 and Tables 2 and 3 ) .

Further, there was no significant

difference between the right and left adrenals under both control
and hemorrhage conditions Indicating adequate mixing of microspheres
within the blood stream (Figure 3)•
The volume of blood required to reduce MABP to 50 mmHg ranged
from 35 to 50^ of the total blood volume calculated as 8% of the
body weight.

No significant correlation was found between bleeding

time, volume bled, MABP, or change In MABP and ABF.
In contrast to the adrenal, blood flow was significantly reduced in both the pancreas (90^) and heart (64^) during mild hypotension achieved at mid-point
respectively).

(89 ± 4 mmHg) (p < 0.001 and p < 0.05

The decreased flow was associated with a signifi-

cantly Increased resistance in the pancreas (p < 0.05) but not In
the heart.

Hemorrhage to 50 mmHg MABP resulted In no further change

In flow or resistance from that observed during mild hypotension in
either the pancreas and heart (Figures 4 and 5, Tables 2 and 3).
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Neural Control
Adrenal:

Propranolol treatment reduced MABP by 1 U

(Table 1).

Phenoxybenzamine produced an ]8% decrease In MABP (Table ').

In bot.i

cases, the blockade led to a significant decrease in ABF (p < 0.001)
with a concomitant increase in resistance (p < 0.01 and < 0.05 respectively).

When the animals were hemorrhaged in the presence of either

3- or a-adrenergic blockade (MABP decreased by 63^ and 66^ from control
respectively) there was no further decrease in flow.

Resistance, how-

ever, was reduced in both Instances (p < 0.01 and < 0.001

respectively)

(Figures 6 and 7, Tables 2 and 3 ) .
With ganglionic blockade, when MABP was reduced 6 U

(similar to

hemorrhage) (Table 1) there was a significant Increase in flow (p <
0.001) and decrease in resistance (p < 0.001) (Figure 8, Tables 2
and 3)•
Atropine reduced MABP 6% (Table 1). There was no significant
change in flow or resistance following cholinergic blockade.

During

subsequent ganglionic blockade flow was maintained but not Increased
as observed during ganglionic blockade without cholinergic blockade.
Resistance significantly decreased

(p < 0.01 ) (Figure 9, Tables 2

and 3 ) .
Pancreas:

Both 3- and a-adrenergic blockade significantly re-

duced flow (p < 0.05 and p < 0.001 respectively) and Increased resistance (p < 0.05 and p < 0.001 respectively).

During hemorrhage, flow

was reduced further In both (p < 0.05 and p < 0.05 respectively).
Hemorrhage during 3-adrenergic blockade had no further effect on
resistance.

During a-adrenergic blockade, hemorrhage resulted In a
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slight but significant decrease in resistance (p < 0.05) (Figures 10
and 11, Tables 2 and 3 ) .
Ganglionic blockade produced a decrease In flow (p < 0.001) and
increase in resistance (p < 0.001) (Figure 12, Tables 2 and 3 ) .
Muscarinic blockade resulted In a decrease in flow (p < 0.001)
and increase in resistance (p < 0.001).

Following ganglionic block-

ade superimposed on muscarinic blockade there was a slight but significant further decrease In flow (p < 0.01).

Resistance was signifi-

cantly decreased (p < 0.001) (Figure 13, Tables 2 and 3 ) .
Heart:

Propranolol treatment reduced heart rate 24^ while

phenoxybenzamine did not significantly change heart rate (Table 1).
As in the adrenal and pancreas, both 3" and a-adrenergic blockade resulted in a significant decrease in coronary flow (p < 0.05 and p <
0.001 respectively) and increase in resistance (p < 0.05 and p < 0.001
respectively).

When the animals were hemorrhaged In the presence of

either 3- or a-adrenergic blockade there was no further change in flow.
Resistance was unchanged In the 3-adrenergic blockade study but signlfi
cantly reduced (p < 0.001) in the a-adrenergic blockade study (Figures
14 and 15, Tables 2 and 3 ) .
Ganglionic blockade reduced flow (p < 0.001) while resistance
was unchanged (Figure 16, Tables 2 and 3)•

Heart rate was reduced

24^ (Table 1 ) .
Muscarinic blockade reduced flow (p < 0.001) and Increased resistance (p < 0.001) while heart rate was unchanged (Table 1 ) .
ganglionic blockade there was no further change In flow.
significantly decreased (p < 0.001).

During

Resistance

Heart rate tended to decrease
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but this was insignificant

(Figure 17, Tables 2 and 3 ) .

Humoral Control
Adrenal:

Following both indomethacin and histamine receptor

blockade MABP remained essentially unchanged (Table 1 ) .

Further,

flow was significantly decreased (p < 0.001 and p < 0.05 respectively) and resistance Increased (p < 0.05 and p < 0.05 respectively).
During hemorrhage to a MABP of 50 mmHg In the presence of either
Indomethacin or histamine blockade flow was maintained and resistance
was significantly reduced (p < 0.01 and p < 0.01

respectively)

(Figures 18 and 19, Tables 4 and 5 ) .
MABP for the hypophysectomized control (111 ± 4 mmHg) was below the control MABP for all other experimental groups (range 131 ±
12 to 158 ± 4 mmHg).
(140 ± 7 mmHg).

Presurgery MABP was within the group range

After hemorrhage to a MABP of 50 mmHg, flow was

maintained and resistance significantly reduced (p < 0.01) (Figure
20, Tables 4 and 5 ) .
The plasma Cortisol level immediately following hypophysectomy
was 11.9 ± 2.3 yg %'

Thirty minutes later at the time of the control

blood flow measurement plasma Cortisol was reduced to 3.9 ± 0.9 yg %Following hemorrhage to 50 mmHg MABP It was reduced further to 2.6 ±
0.9 yg %•
Pancreas:

Both indomethacin and histamine blockade resulted

In a significant decrease in flow (p < 0.05 and p < 0.001
ly).

respective-

There was no change in resistance following indomethacin while

resistance significantly increased (p < O.OOl) following histamine
blockade.

Hemorrhage to 50 mmHg during Inhibition of prostaglandin
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synthesis resulted in a significant decrease in flow (p < 0.05) and
increase in resistance (p < 0.05).

Hemorrhage to 50 mmHg during

histamine receptor blockade significantly reduced re* Istar-e (p <
0.001) while flow was maintained (Figures 21 and 22, Tables 4 and

5).
In the hypophysectomized animal, hemorrhage resulted in a decrease in both flow (p < 0.01) and resistance (p < 0.01) (Figure 23,
Tables 4 and 5 ) .
Heart:

Both indomethacin and histamine receptor blockade de-

creased flow (p < 0.05 and p < 0.001 respectively) and increased resistance (p < 0.01 and p < 0.001 respectively).

Heart rate was re-

duced 25^ and 12^ respectively (Table 1 ) . Henx)rrhage to 50 mmHg during
inhibition of prostaglandin synthesis reduced flow further (p < 0.05)
and resistance was reduced insignificantly.

Hemorrhage during hista-

mine receptor blockade significantly reduced resistance (p < 0.001)
while flow was unchanged (Figures 24 and 25, Tables 4 and 5 ) .
Hemorrhage to 50 mmHg MABP In the hypophysectomized animal reduced flow (p < 0.001) and resistance (p < 0.001) (Figure 26, Tables
4 and 5 ) . Heart rate decreased 10^ (Table 1 ) .

19

ITx

LA

CsJ

lA

u-\

1ce:
h-

. .^

^—
0

(/)
CM

to

ro

ro
en
+1
m
r^

CM

c

'i

QC
I-

X

+1
r^
r««

to

to

z

z

CM

in
..+1

F—

+1

to
Z
00

+1

0
CM

cr»
CM

CM
CM

in

\o

V

>

1 —

+1

Q.

-a-

^

"o

LA

^^

L.

J3

•M
C

• A

U)
•M
CD
0)
(0
(U

•

0

u
ro
+1

0)

10
Z
CX3
CM

ro

z

ID

00

p —

0

00

'"

.^

to
Z
0

Xi

^—
+1

r*.
+1

+1
ro

P^
0

•M

to

LA
0

<r
+1

•

.^

0

+1

V

CM
CM

CM
vO

0.

u
r»
w

(0
CM

vO

+1

LA
-3-

1^

to

<D
00

en
+1
ro
\o

vO

.cr

+1
ro

"><

3

•M
C
OJ
0

C
Ol

•—

o a>

CM

Q.

— X

a:

O)
0

•M

l-

O

J- *+0)

C

0

+1
cr»

0
LA

+1

0
LA

-d-

o o
o
o
+1 +1
o
o

O
0

f —

+1

OJ —
— (D
l0)

0

ro
+1

O

LA

LA

+1
o

LA

CO
CD
X

ro
+1

+1

+1

E
E

00

vO

+1
ro
ro

+i

—
+1

+1
ro

-3-

LA
LA

.^
+1
—
—

»-

U

>
cr»
+1
ro
ro

0
LA

0
VO

P^

0

+1

+1

+1

U

CM

en
+1

r—

-;r
+1

+1

CM

P^

LA

t—

f—

ro

-^

ro

-3-

ro

3

•^

C

(U
-0
TO

0

E

J3

o
o
en

c
O

s:
1-

o
c •M

u

-a

(U

"o
a:

\(U

<u

fO
I

QQ.

Q.

O

0)

i(U

(A
i-

c o
L.
73
(TJ
I
C3

a.
<U
O
(U
1-

c
o o
o .V)- —
O)

0

ro

4-1
C
0)

CO

o
—

E

(U
c

I/)

CD C
C OJ

O

o

z

•s—•
p —

c

(0

o

CT) (/)
(D <U

•M
Q.

(U
O
(1)
L-

{/)

O
J-

«/)

-M

C
>^

Q. in

in
.-

o
0)

J3

u

<

—

CM

h- 10)

(U

X
x:
4-) 4>'
c c
.— .—

^—
0
E E
>* >in in
0

.

in 0
(U 0
+J
fO 0

(U (n
c
1—
O
E 4J
<o a .

0

^"
0
E
>
in

J3 X J JQ

i —

in

0

•%

(U
E
•o

F—

•^ h- 1a: a:

0)
L.
D
in
fD

O

3

.—
.— 0 0

E

<XD
LA

0

x: c c
•M E E

M

•M
C

a.

E E
0 0

0)

0
c

C

O
u

E

Q. Q.

•M

<

(0

C

0
0

z

</l

Z

00

O

O
CM

CO

0)

to

to

•

in

4-1

4-)

to

LA

2:

in

LA

1- 1od
• K

.

<U (U (1)
0 0
0

c

03
0

c c

0) fD
0
0

die

o

QC

.— c »0 0 oc
U 0 »_ in in
0 0) 0)
1- u L.
•M ro OJ

• •^

o

•

CM

^— >
c 0
E t_ .—

M-

vO

»-

0

•^

r»
.^
+1

1 —

+1
.—

-d-

O

a> c

z

CM

+1
•—

•M
C

••-•

to

to

O
u

in

E in
0 >

<D

(U

.
»—

(U

M

C
<TJ

u

i_
<D
Q.

p _

+1
ro
.:r

0

V M- M- M-

c
•—

Q. C C
C
CD cn CD

X

0

CO CO CO

20
Table 2.

Blood flow values (ml/mln/100 g) In the adrenal gland,
pancreas, and heart in the graded hemorrhage study
(experiment 1) and neural control studies (experiments

2-5).

Exp.

Protocol

Adrenal

Pancreas

1

Control
Hem. to mid-pt.
Hem. to 50 mmHg

213±31
206±25
167±15

2

Control
3-blockade
Hem. to 50 mmHg

Heart

n

49.7±8.8
5.2±0.9"
4.9±0.6>^

135±30
49±8*
39±7'^

5

195±23
83±16''^
87±9"

55.8±12.8
11.7+2.1'*^
3.0±0.3*t

148±31
44±18''^
31±15"

5

3

Control
a-blockade
Hem. to 50 mmHg

235±33
114±13"
123+15"

53.6±7.7
7.9±0.9"
5.7±0.4*t

160±8
90±3"
82 ±4'"^

5

4

Control
Gang, blockade

220±10
484±51"

29.0±2.5
7.9±0.8'«^

163±7
65*6'"^

5

5

Control
Choi. blockade
Gang, blockade

253±34
262±47
278±46

65.1±3.9
16.4±1.0^^
12.1±1.0''^t

145±14
6114^^
53±3'^

4

"Indicates significant difference
control.

t

of either treatment 1 or 2 from

+
Indicates significant difference

of treatment 2 from treatment 1.

"Absolute levels of significance indicated in the text and figure
legends.

21
Table 3-

Exp.

Resistance values (mmHg/ml/min/100 g) In the adrenal
gland, pancreas, and heart In the graded hemorrhage
study (experiment 1) and neural control studies
(experiments 2-5).

Protocol

Adrenal

Pancreas

Heart

Control
Hem. to mid-pt.
Hem. to 50 mmHg

0.72±0.07
0.53±0.11
0.34±0.15+

3.0±0.5
19.2±8.3"
10.8±1.2*

1.15±0.20
1.97±0.32
1.49±0.32

Control
3-blockade
Hem. to 50 mmHg

0.78±0.10
1.82±0.84'^
0.62±0.06t

3.0±0.7
12.0±2.8''^
17.5±1.9"

1.25±0.45
4.12±0.92'
2.68±0.68

Control
a-blockade
Hem. to 50 mmHg

0.71±0.07
1.20±0.15"
0.49±0.08t

4.0±0.6
17.1±1.4'V
9.3±0.6''^+

0.91±0.04
1.38±0.04''^
0.64±0.04''^+

Control
Gang, blockade

0.63±0.04
0.12±0.01'

5.4±0.4
8.3±0.7'

0.90±0.03
0.84±0.05

Control
Choi, blockade
Gang, blockade

0.65±0.11
0.62±0.10
0.23±0.04''^t

2.4±0.2
8.9±0.7"
4.7±0.3"+

1.13±0.10
2.28±0.13*
1.03±0.06t

"Indicates significant difference
con t ro 1.
t

n

5

of either treatment 1 or 2 from
t

Indicates significant difference

of treatment 2 from treatment 1.

'7\bsolute levels of significance Indicated in the text and figure
legends..
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Table 4.

Exp.

Blood flow values (ml/min/100 g) in the adrenal gland,
pancreas, and heart in the humoral control studies
(experiments 6-8).

Protocol

Adrenal

Pancreas

Heart

Control
Prostaglandin
blockade
Hem. to 50 mmHg

179±11
99+85^

49.1±8.5

181126

7

Control
Hist, blockade
Hem. to 50 mmHg

232±25
138±29"
146128'"'

73.7±6.3
5.4±0.4'^
4.5±0.3"

I84i7
31 ±5'3011^'

8

Hypophysectomi zed
control
Hem. to 50 mmHg

130111

31.5±3.7

7412

124±11

17.4±0.9*

5413

6

17.5±3.1''^

lOOtlO''^

2.1±0.7"t

5816^^

n

4

34i2'Vt

4

4

"Indicates significant difference
control.

of either treatment 1 or 2 from

Indicates significant difference

of treatment 2 from treatment 1

Absolute levels of significance Indicated in the text and figure
legends.
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Table 5.

Exp.

Resistance values (mmHg/ml/min/100 g) in the adrenal
gland, pancreas, and heart in the humoral control
studies (experiments 6-8).

Protocol

Adrenal

Pancreas

Heart

r
^

Control
Prostaglandin
blockade
Hem. to 50 mmHg

0.7810.10
,i,^a««,-,
1.^9±0.25'V
0.53±0.04''«t

2.9±0.6
«/',-.-,
9.613.7
26.7i5.O-t

0.78i0.l4
^i,«iiu
2.4ll0.44'V
1.4910.08-

7

Control
Hist, blockade
Hem. to 50 mmHg

0.7410.08
1.4510.250.4ll0.05"t

2.510.2
33.413.8'^
12.6ll.l'''t

0.8910.04
5.1010.28^'^
1.73±0.07"t

o

Hypophysectomized
control
Hem. to 50 mmHg

Q.9310.14

4.410.5

1.51±0.03

0.4310.05-

3.010.2'"'

0.98+0.05*

if.

-Indicates significant difference
control.
Indicates significant difference

of either treatment 1 or 2 from
of treatment 2 from treatment 1.

Absolute levels of significance indicated In the text and figure
legends.

n
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Figure 1. Adrenal blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars) and 75
minutes later (shaded bars). Vertical lines represent 1 1 standard error of the mean.
Flow:
Resistance:
control vs. 75 min., NS
control vs. 75 min., NS
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Figure 2. Adrenal blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), hemorrhage to mid-point (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent 1 1 standard error of
the mean.
Flow:
Res I stance:
control vs Trt. 1, NS
control vs. Trt. 1, NS
control vs Trt. 2, NS
control vs. Trt. 2, p < 0.001
Trt. 1 vs. Trt. 2, NS
Trt. 1 vs. Trt. 2, NS
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Figure 3- Comparison of blood flow in right (open bars) vs. left
(shaded bars) adrenal glands following the 30-minute control
period (left panel), hemorrhage to mid-point (center panel), and
hemorrhage to 50 mmHg MABP (right panel). Vertical lines represent 1 1 standard error of the mean. In no case is the right
adrenal blood flow significantly different from the left.
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Figure 4. Pancreatic blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), hemorrhage
to mid-point (solid bars), and hemorrhage to 50 mmHg MABP (shaded
bars). Vertical lines represent 1 1 standard error of the mean.
Flow:
Resistance:
control vs. Trt. 1, p < 0.01
control vs. Trt. 1, p < 0.05
control vs. Trt. 2, p < 0.01
control vs. Trt. 2, p < 0.001
Trt. 1 vs. Trt. 2, NS
Trt. 1 vs. Trt. 2, NS
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Figure 5. Coronary blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), hemorrhage to mid-point (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent l 1 standard error of
the mean.
Res I stance:
Flow:
control vs. Trt. 1, NS
control vs Trt. 1, p < 0.05
control vs Trt. 2, p < 0.05
control vs. Trt. 2, NS
Trt. 1 vs. Trt. 2, NS
Trt. 1 vs. Trt. 2, NS
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Figure 6. Adrenal blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), 3"
adrenergic blockade (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent l 1 standard error of
the mean.
Res Istance
Flow:
0.001
control vs Trt. 1, P < 0.01
control vs. Trt. 1, p
0.001
control vs Trt. 2, NS
control vs. Trt. 2, p
Trt. 1 vs. Trt. 2, p < 0.01
Trt. 1 vs. Trt. 2, NS
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Figure 7- Adrenal blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), aadrenerglc blockade (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent 1 1 standard error of
the mean.
Res I stance:
Flow:
control vs. Trt 1, p < 0.05
control vs Trt. 1, p < 0.01
control vs. Trt 2, NS
control vs Trt. 2, p < 0.01
Trt. 1 vs. Trt. 2, p < 0.001
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Figure 8. Adrenal blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars) and
ganglionic blockade (shaded bars). Vertical lines represent l
1 standard error of the mean.
Flow:
Resistance:
control vs. Trt., p < 0.001
control vs. Trt., p < 0.001
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Figure 3.
Adrenal blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), cholinergic blockade (solid bars), and ganglionic blockade (shaded bars).
Vertical lines represent i 1 standard error of the mean.
Flow:
Resistance:
control vs. Trt. 1, NS
control vs. Trt. 1, NS
control vs. Trt. 2, NS
control vs. Trt. 2, p < 0.01
Trt- 1 vs. Trt. 2, NS
Trt. 1 vs. Trt. 2, p < 0.01
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Figure 10. Pancreatic blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), 3adrenergic blockade (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent 1 1 standard error of the
mean.
Res istance
Flow:
0.05
control vs Trt. 1. P < 0.05
control vs. Trt 1, P
0.05
control vs. Trt 2, P
control vs Trt. 2, P < 0.001
Trt. 1 vs. Trt. 2, p < 0.05
Trt. 1 vs. Trt. 2. NS
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Figure 11.
P a n c r e a t i c b l o o d f l o w ( l e f t p a n e l ) and r e s i s t a n c e ( r i g h t
p a n e l ) f o l l o w i n g t h e 3 0 - m i n u t e c o n t r o l p e r i o d (open b a r s ) , a a d r e n e r g l c b l o c k a d e ( s o l i d b a r s ) , and h e m o r r h a g e t o 50 mmHg MABP
(shaded b a r s ) .
V e r t i c a l l i n e s represent l 1 standard e r r o r of the
mean.
^^OVJ:

c o n t r o l v s . T r t . 1 , p < 0.001
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Figure 12. Pancreatic blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars) and ganglionic blockade (shaded bars). Vertical lines represent 1 1 standard
error of the mean.
Flow:
Resistance:
control vs. Trt., p < 0.001
control vs. Trt., p < 0.001
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Figure 13. Pancreatic blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), cholinergic blockade (solid bars), and ganglionic blockade (shaded bars).
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riow:
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control vs. Trt. 2, p < 0.001
control vs. Trt. 2, p < 0.001
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Figure 14. Coronary blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), 3adrenergic blockade (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent l 1 standard error of the
mean.
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Figure 15. Coronary blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), aadrenergic blockade (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent 1 1 standard error of the
mean.
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Figure 16. Coronary blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars) and ganglI
onic blockade (shaded bars). Vertical lines represent ± 1 standard
error of the mean.
F'iow:
Resistance:
control vs. Trt., p < 0.001
control vs. Trt., NS

40
HEART
I

) Control

I B

Atropine

H H I Trimethaphan
N=4

FLOW

RESISTANCE

150-

9
O
O

100-

c
E

1
•O

50-1

14119 13218

5113
14119 13218 5113
MABP(mmHg)

Figure 17. Coronary blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), cholinergic blockade (solid bars), and ganglionic blockade to 50 mmHg
MABP (shaded bars). Vertical lines represent 1 1 standard error
of the mean.
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panel) following the 30-mlnute control period (open bars), prostaglandin synthesis inhibition (solid bars), and hemorrhage to 50
mmHg MABP (shaded bars)
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hemorrhage to 50 mmHg MABP (shaded bars). Vertical lines represent
1 1 standard error of the mean.
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Figure 21. Pancreatic blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), prostaglandin synthesis Inhibition (solid bars), and hemorrhage to 50 mmHg
MABP (shaded bars). Vertical lines represent 1 1 standard error of
the mean.
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Figure 22. Pancreatic blood flow (left panel) and resistance (right
panel) following the 30-mlnute control period (open bars), Hj- and
H2-receptor blockade (solid bars), and hemorrhage to 50 mmHg MABP
(shaded bars). Vertical lines represent 1 1 standard error of the
mean.
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Figure 24. Coronary blood flow (left panel) and resistance (right
panel) following the 30-minute control period (open bars), prostaglandin synthesis Inhibition (solid bars), and hemorrhage to 50
mmHg MABP (shaded bars). Vertical lines represent l 1 standard
error of the mean.
Flow:
Resistance:
control vs. Trt. 1, p < 0.05
control vs. Trt. 1, p <
control vs. Trt. 2, p < 0.05
control vs. Trt. 2, p <
Trt. 1 vs. Trt. 2, p < 0.05
Trt. 1 vs. Trt. 2, NS

05
01

48
HEART
I

I Control
Cimetidlne +
Chlorpheniramine
Hemorrhage to SOmmHg

N=4
200-1

FLOW

RESISTANCE

150-

-4

-3

9

o
o

O
O
9

-2 X
E
E

E 100

i

cr

50-

-t

157 + 4 155+11 50 + 0

I57±4

I55±ll

50±0

MABP(mmHg)
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(shaded bars). Vertical lines represent 1 1 standard error of the
mean.
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panel) 30 minutes after hypophysectomy (open bars) and following
hemorrhage to 50 mmHg MABP (shaded bars). Vertical lines represent
1 1 standard error of the mean.
Flow:
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CHAPTER IV

DISCUSSION

This study has demonstrated that in the anesthetized dog adrenal
blood flow Is maintained during severe hemorrhagic hypotension.

These

data agree with those of Slater (53) who used radioactive microspheres
to examine the distribution of cardiac output during hemorrhage to 50
mmHg MABP in the awake dog.

Hemorrhage changed ABF from 269 ± 22 to

258 1 42 ml/min/100 g while resistance decreased from 0.39 to 0.24
mmHg/ml/min/100 g.

In the present study ABF decreased

Insignificantly

from 213 1 31 to 167 1 15 ml/min/100 g while resistance decreased from
0.72 1 0.07 to 0.34 1 0.15 mmHg/ml/mln/100 g.

The tendency for a fall

In blood flow during hemorrhage In this study but not in Slater's may
relate to the more rapid bleed (approx. 20 min., this study vs. 4 hr.
Slater) and greater absolute fall in MABP (90 mmHg, this study vs. 60
mmHg, Slater).

Control MABP was lower in Slater's study (110 mmHg vs.

140 mmHg in present study) because he used conscious dogs.

Saplrstein

(49), using the rubidium washout technique In the rat, observed a main
tenance of ABF during mild hemorrhage (90 mmHg MABP), however, during
severe hemorrhage (30 mmHg MABP) ABF was greatly decreased from 1.1
to 0.3 ml/min (73^).

In the present study ABF was not measured at a

MABP below 50 mmHg but the ability of the adrenal gland to maintain
blood flow may begin to be compromised at a MABP below 50 mmHg.

This

suggestion is further supported by Forsyth's study (20) in the awake
50
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monkey using the radioactive microsphere technique where ABF was maintained during hemorrhage to 63 i 14 mmHg MABP but decreased to k3% of
control during hemorrhage to 22 1 3 mmHg.
Frank (21), using the adrenal vein cannulation technique In the
dog, found ABF to decrease to 15^ of control during severe hemorrhage
(30 mmHg).

His work gave no Indication of the pattern of change in

ABF during the time of hemorrhage, i.e., ABF at 50 mmHg.

Walker (58)

measured ABF continuously In the dog by collection of adrenal effluent.
During hemorrhage from a control MABP of 90 to 40 mmHg ABF decreased
continuously.

Thus, the maintenance of ABF normally observed using

the radioactive microsphere technique to pressures as low as 50 mmHg
is not seen with direct cannulation.

This might lead one to question

whether there is an inherent problem in the cannulation technique
which would lead to an artificially low blood flow during hemorrhage.
The concept that adrenal vein cannulation impedes ABF is supported further by the fact that Frank never observed an increase In
Cortisol levels during hemorrhage but almost always saw a large decrease (21).

In contrast, plasma Cortisol levels were elevated follow-

ing hemorrhage (9-9 ± 0.9 to 19.6 1 5-6 yg %) in this study when ABF
was measured by radioactive microspheres.
The control blood flows In Frank's study (mean 4.91 1 0.51 ml/
min) are in the same range as the control blood flows of the present
study (3.12 1 0.76 ml/min) on a per gland basis.

This suggests that

In the control condition a possible increased resistance imposed by
the cannula or the exposure of the open cannula to atmospheric pressure (as opposed to venous pressure) do not play a significant role
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in alteration of ABF.

It appears, however, that during hemorrhage,

when MABP is decreasing, an increased resistance from the cannula may
become important since ABF decreased to 15°^ of control in Frank's study
and only decreased to 69^ and 43^ of control in the present study and
Forsyth's study respectively.
The cannulation technique creates several problems which may Impair ABF.

The surgical trauma necessary for placing the cannula may

cause the release of vasoactive substances or Interrupt the innervation to the gland.

An increased resistance could be introduced Into

the system by the length and diameter of the adrenal cannula.

Further,

varying the height of the open end of the cannula can Increase or decrease the hydrostatic pressure column in the cannula.

Also, during

collection of adrenal effluent the cannula Is exposed to atmospheric
rather than venous pressure.
The microsphere technique, while preferable to cannulation because It is much less invasive, may underestimate ABF due to the angle
of incidence of adrenal arteries from the aorta and the potential for
axial streaming of the spheres In the aorta.

If a skimming effect Is

present and decreases with decreases in cardiac output, this could be
reflected by an artifactual

increase In flow.

However, renal blood

flow measured simultaneously by radioactive microspheres and the elecrtomagnetic flow probe during hemorrhage agree closely (42).

Although

the renal arteries are not small like the adrenal arteries, they do
have a right angle of incidence to the aorta and should reflect the
skimming effect if it is present.

This suggests that the possible

skimming effect is not a significant factor.
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The adrenal gland represents a unique tissue in which absolute
flow is maintained despite a marked decrease in arterial pressure.
This IS in contrast to what was observed in this study for the pancreas, a neighboring organ In the splanchnic bed, where there is a
reduction in flow (90°^) with mild hemorrhage.

This is also In con-

trast to the heart where coronary flow Is considered to be maintained
during hemorrhage because of the vital nature of the organ.

Others

have reported that absolute coronary blood flow does decrease but
relative to the cardiac output it generally increases by as much as
100^ (20,53).

In the present studies, coronary flow was decreased

64^ during hemorrhage.

This decrease, however, was less than that

observed In pancreas (90^).
While cardiac output was not measured in the present studies,
one might assume that it decreased by approximately 60-30^ on the
basis of the known correlation between decreases In coronary flow and
cardiac output under these circumstances (20,53)-

Based on this as-

sumption, absolute flow to the adrenal also was maintained In spite
of a marked decrease in cardiac output.
The brain is the only other organ for which this maintenance of
flow has been demonstrated

(30).

Gilbert (23) has recently found using

the radioactive microsphere technique that in the fetal lamb near term
a 10^ decrease in plasma volume actually decreased brain blood flow a
smal1 but significant amount (l8l 1 22 to 151 l 17 ml/min/100 g) while
ABF was almost doubled (7571111 to 1288 l 200 ml/mln/100 g ) .

Because

the adrenal medulla is composed of neural tissue, this raises the question
of whether blood flow Is maintained to all neural tissue during hypotension.

Efficiency of transmission through peripheral autonomic
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ganglia may be related directly to ganglionic blood flow and could be
critical during hemorrhage.
In the present study blood flow to pancreas and heart was already decreased by 90^ and 64^ respectively following mild hypotension
(89 mmHg).

There was essentially no further change in flow following

severe hemorrhage suggesting that a maximal vasoconstriction occurs
with mild hemorrhage alone.

In the pancreas, the marked decrease in

flow observed with mild hemorrhage suggests an active process Is initiated to produce a maximal reduction in flow to this organ even with
modest decreases in MABP.
Maintenance of ABF during hemorrhage may be important for adequate secretion of Cortisol, aldosterone, and catecholamines.

A de-

creased flow would be expected to result in a diminished secretion due
either to reduced delivery of stimulatory Influences such as ACTH and/
or removal of secretory products from the adrenal.

Because direct

sampling of adrenal effluent by adrenal vein cannulation alters flow,
correlation of output with flow using cannulation techniques is questionable.

As discussed earlier, however, in one study where Cortisol was

measured by direct cannulation, none of the animals showed an increased
Cortisol output during severe hemorrhage (MABP = 30 mmHg) and most
showed a large decrease (21).
Adrenalectomy significantly impairs the response to hemorrhage
(52).

The precise mechanism by which adrenal hormones operate to re-

sist hemorrhage is unknown; however. It appears that catecholamines
and especially corticosteroids are necessary for an optimal
to hemorrhage.

response

The effects of hypocorticism on normal cardiovascular
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function are manifested by a decrease In MABP, cardiac output, and
contractility of the heart, and an Increase In total peripheral resistance (45). These changes are evident as early as one day postadrenalectomy and continue to worsen until death.

Not only are

steroids

themselves necessary for normal cardiovascular integrity but they are
also permissive to catecholamines (44). Although cardiovascular responses to chronic adrenalectomy are well documented, there Is little
data concerning the Immediate effects of reduced cortical output or
the requirement for an increased output.

Some reports Indicate improved

tolerance to shock with early administration of large doses of steroids
even though the mechanism has not been elucidated (35).
This demonstration that ABF is maintained during hemorrhagic
hypotension by a decrease in AVR is consistent with past microsphere
studies in the dog (53), rabbit (38), and monkey (20).

It is impor-

tant to remember when using the present technique that the calculated
resistance represents the total resistance of the adrenal vasculature
and does not specifically show the resistance changes at the arteriolar level.

Neural Control
These experiments show that while the autonomic nervous system
influences ABF it is not necessary for the maintenance of ABF during
hypotension.

The effect of splanchnic nerve stimulation on ABF was

investigated by Malmejac (34).

He found that stimulation of the

splanchnic nerve produced vasoconstriction.
eliminated by ganglionic blockade.

This response could be

If however, during ganglionic

blockade the stimulating electrodes were moved from the splanchnic
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nerve and placed directly upon the adrenal, the vasoconstriction reappeared and could be blocked by administration of a sympatholytic agent.
This suggested that the sympathetic preganglionic neuron passed through
the paravertebral ganglion (celiac ganglion) without synapsing, and
continued on to synapse on microganglla within the adrenal cortex Itself.

Short postganglionic neurons from these microganglion release

norepinephrine and are apparently responsible for the observed vasoconstriction when the stimulating electrodes are placed directly on
the adrenal.

These intraadrenal ganglia have been observed histolog-

ically (34).

Stimulation of the splanchnic nerve during ganglionic

blockade not only prevented vasoconstriction, but unmasked a vasodilation.

This vasodilation was atropine-sensitive suggesting that the

effect was produced by the sympathetic preganglionic cholinergic vasodilator fibers which synapse directly on the blood vessels within the
adrenal cortex.
It Is possible that placement of the stimulating electrode directly on the gland depolarizes the medullary cells causing the release of epinephrine and norepinephrine which could mediate the
observed vasoconstriction.

To act at the cortical arterioles the

catecholamine would have to recirculate because blood flows from
cortex to medulla.

There was no indication of a delayed response re-

ported in Malmejac's study.

Catecholamines of medullary origin could,

however, act upon medullary arterioles or adrenal venous smooth muscle
to elicit an Immediate increase in vascular resistance.
This report has the disadvantage of being a short communication
in which no data was given.

Further, the technique involved
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extensive surgical trauma to the area around the adrenal

(constant

pressure perfusion In situ).
The results of the present study using 3-adrenergic blockade
suggest that 3-adrenergic receptors play a role in control of resting
ABF.

Generally, it Is thought that the cardiovascular changes follow-

ing administration of propranolol are due to the blockade of 3-adrenergic receptors at the heart and that those effects on the peripheral
vasculature are insignificant because the predominant resting tone Is
constrictive (39). The observed changes following 3-adrenergic blockade involve a decrease in heart rate and cardiac output and therefore
MABP.

To correct for the decrease in MABP there is a generalized re-

flex vasoconstriction resulting in an Increase in total peripheral
resistance (40).

If a reflex vasoconstriction were responsible for

the decrease In ABF following 3-adrenerglc blockade (11^ decrease In
MABP), then during hemorrhage (62^ decrease in MABP) ABF would be expected to decrease further.

Since ABF Is maintained, this experiment

suggests that 3-adrenergic receptors do play a role in control of
resting ABF but are not an important factor during a hypotensive stress.
One final possibility must be considered.

Propranolol could be exerting

a central action because it readily passes through the blood brain
barrier (25).

This seems unlikely, however, because few if any cardio-

vascular effects can be attributed to blockade of 3-adrenerglc receptors
in the central nervous system (25).

Regardless of the mechanism by

which propranolol reduces ABF, 3-adrenergic receptors are not necessary
for the maintenance of ABF during hemorrhage.
The results of the ganglionic blockade study strengthen the
suggestion that the observed hemodynamic changes during hypotension
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are not dependent upon the neural integrity of the adrenal.

The ex-

periment of choice to verify this hypothesis would be unilateral
denervation of one adrenal, the other serving as a control.

However,

this is technically difficult as the gland Is Innervated by splanchnic roots from both above and below the diaphragm.

Additionally, the

gland receives fibers from both the celiac and superior mesenteric
ganglia, thus making complete denervation traumatic and difficult to
verify.

To avoid these obstacles a pharmacological blockade was chosen.

Effective ganglionic blockade using trimethaphan resulted in a
severe hypotension equivalent to that produced In these studies by
hemorrhage (50 mmHg).

Because 50 mmHg was decided upon as the minimum

MABP for hypotension trimethaphan served as both the ganglionic blocking agent and the means of producing hypotension.

The result was

unique in that ABF was not only maintained but also Increased during
hypotension.

During ganglionic blockade the cholinergic, vasodilatory

fibers reported by Malmejac (34) may be unopposed by an adrenergic
constrictor component such that Increased splanchnic nerve traffic
during hypotension could elicit a vasodilation.

Treatment with atro-

pine prior to ganglionic blockade eliminated the increase In ABF supporting the concept of the role of cholinergic vasodilatory fibers.
The constrictor component eliminated by ganglionic blockade may
also result from blocking sympathetic stimulation of the kidney and
hence renin release.

Angiotensin, produced as a result of renin se-

cretion, has been demonstrated to h^ve some constrictive influence on
the adrenal vascular bed (22).
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As in the other studies, however, ABF was maintained by a decrease in AVR during hypotension.

Because atropine alone has no ef-

fect on ABF, muscarinic receptors appear not to play a role in control
of resting ABF.

This is in contrast to their vasodilatory role in

hypotension.
Alpha-adrenergic receptor blockade produced what appeared to be
an anomalous decrease in ABF and increase In AVR.

This suggests that

in this bed a-adrenergic receptors, like 3-adrenerglc receptors, might
be dilatory.

While this observation merits further Investigation,

alternative explanations are available.

First, phenoxybenzamine has

a secondary anti-histaminIc action (see below).

Further, the experi-

ment using ganglionic blockade suggests the presence of either a direct neural constrictive Influence (presumed to be sympathetic) or a
response to angiotensin released In response to increased sympathetic
outflow to the kidney.

As in every other experiment, a-adrenergic

receptors are not necessary for the maintenance of ABF during hemorrhage.
Thus, these studies suggest that adrenal blood flow is maintained
during hypotension independent of a-adrenergic receptors, 3-adrenergic
receptors, ganglionic transmission, and muscarinic receptors.
In contrast to the adrenal, where blood flow is well maintained
during hemorrhage, normotenslve hemorrhage alone can greatly reduce
pancreatic blood flow (29). Therefore, the interpretation of pancreatic blood flow data In the present studies using a- and 3-adrenerglc
blockade Is difficult due to the decrease in MABP observed in response
to the blocking drugs alone.
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The significant decrease in flow and increase in resistance observed after atropine administration, however, strongly suggests the
presence of a significant parasympathetic dilator tone to this organ.
Although cholinergic blockade also decreased MABP, this fall was minimal (9 mmHg) and MABP was still within the range of control pressures
for all of the experiments.
of other investigators.

This is supported by the previous work

Hickson (27) demonstrated a significant ef-

fect of vagal stimulation on pancreatic blood flow in the chloraloseanesthetized pig.

His measurements were made with direct cannulation

of the pancreatic tall vein.

Vagal stimulation or intraarterial

in-

jections of acetylcholine Increased pancreatic blood flow on the order
of 100^.

Similar responses, only less dramatic, have been found in

the chloralose-anesthetlzed cat by Hilton (28).

Blood flow again was

measured by cannulation of the pancreatic tail vein.

Vagal stimula-

tion at the level of the lower end of the esophagus increased pancreatic blood flow In three of six cats by 25^.

The lack of response in

the other three cats could have been due to an already increased blood
flow.

This cannot be ascertained from the author's data.

Current

spread to vasoconstrictor fibers In the sympathetic chain or splanchnic
nerve also could have antagonized an Increased blood flow following
vagal stimulation.

In order to test this, Hilton stimulated the vagus

nerve in three additional cats following sectioning of the splanchnic
nerve.
animals.

Pancreatic blood flow increased 60^ in all three of these
Further, Intraarterial

pancreatic blood flow by 300^.

injection of acetylcholine

increased

This work strongly supports the
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concept of a significant parasympathetic vasodilatory component in
the pancreatic vasculature.
In contrast, Anrep (4) found no effect of vagal stimulation on
pancreatic blood flow In the decerebrate dog.

However, because he

stimulated the vagus in the same fashion as Hilton, the intact splanchnic nerves again may have been stimulated by current spread and have
opposed an increase In blood flow.

Stimulation of the splanchnic nerve

in his preparation always decreased flow.
The prevailing opinion on the mechanism of the reduced splanchnic blood flow during hemorrhage Is an Increased sympathetic outflow.
This may require reevaluation, however, as the results from this study
suggest a large component of the decreased flow may be due to removal
of a resting parasympathetic dilatory tone.

Blood flow Is known to

decrease In the splanchnic region during situations such as heat
stress and exercise when an Increase In blood flow is needed elsewhere.
The direction of change in parasympathetic tone under these conditions
is consistent with the need to shunt blood away from the splanchnic
region to skin and working muscle respectively.

The converse is true

during digestion where an Increase In splanchnic flow is desirable.
Further work must be done to clearly Implicate this mechanism including examination of other organs within the splanchnic bed.
In contrast to the adrenal and pancreas, the effects of neural
stimulation on the heart are better defined.

Both

a-adrenergic and

3-adrenergic receptors are thought to be present In the coronary vasculature.

Intracoronary Infusion of norepinephrine produces vasocon-

striction followed by vasodilation (33).

Prior 3-adrenergic blockade
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enhances the constriction and abolishes the dilation (24).

In an

analogous fashion, stimulation of cardiac sympathetic nerves produces
an initial vasoconstriction followed by vasodilation.

The initial

constriction is enhanced by 3-adrenergic blockade and abolished by aadrenergic blockade (17). A reduction in carotid sinus pressure elicits
an Increase in heart rate, MABP, and coronary blood flow and decreases
coronary vascular resistance (13). When the chronotropic and inotropic
responses are prevented by propranolol, coronary vascular resistance
is Increased, suggesting vasoconstriction to be the direct effect of
baroreceptor unloading (13).
In this study the decrease In coronary flow following propranolol
(Figure 8) was equivalent to the decrease In flow observed with mild
hemorrhage (Figure 5, hemorrhage to 89 mmHg) while the decrease in
pressure following propranolol was only one third of that during mild
hemorrhage.

Further, 3-adrenergic blockade produced the largest in-

crease in coronary vascular resistance observed in this series of
experiments.

These results suggest the presence of some tonic 3-

adrenergic dilatory influence In the coronary circulation.

However,

changes in blood flow could be secondary to global effects of 3-adrenerglc blockade such as decreased heart rate, metabolic demands, adenosine production, etc., all of which would decrease coronary blood flow
(6,11,46,50).
The results observed with a-adrenergic blockade are Inconsistent
with the literature.

The reduction in flow following a-adrenergic

blockade is greater than expected for the resultant decrease In MABP.
This decrease in flow suggests a-adrenergIc receptors promote a
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dilatory response in this bed.

Again, such a response from a-adrenergic

stimulation merits further investigation.

An alternative explanation

could be that the a-adrenergic constrictor component may be masked by
the secondary antihistamlnic property of phenoxybenzamine and removal
of a parasympathetic dilatory component secondary to the decrease in
MABP.
Similar to what was observed In the pancreas, atropine produced
a decrease in coronary blood flow and an increase in resistance.
suggests the presence of a parasympathetic dilator tone.

This

In both the

pancreas and heart the reduction In flow and Increase in resistance
secondary to atropine were similar to that observed with hemorrhage.
This might Imply that the reduction In blood flow to these organs during hemorrhage and possibly other stress situations could be due to
the inhibition of a tonic parasympathetic dilatory tone.
Vagal Innervation of the coronarles was demonstrated many years
ago (60).

Early work. In general, suggested that vagal fibers either

decreased coronary blood flow or had no effect (59).

In these studies

vagal stimulation produced bradycardia which may account for the decreased blood flow secondary to decreased metabolic demands of the
myocardium.

In order to test this, Felgl (18) designed experiments to

test the effect of parasympathetic stimulation under conditions where
heart rate as well as other determinants of coronary blood flow were
controlled.

He measured coronary blood flow In chloralose-anesthetlzed

dogs by means of an electromagnetic flow probe placed around the circumflex artery.

The heart was paced at a rate greater than the sinus

rate in order to prevent a reflex bradycardia following vagal
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stimulation.

The right and left stellate ganglia as well as the left

sympathetic chain (T^-T^) were removed to prevent reflex sympathetic
effects.

Propranolol was given to prevent chronotropic and inotropic

sympathetic effects which can be elicited by stimulating the vagosympathetic trunk.

Under these conditions he found stimulation of the cer-

vical vagi to Increase coronary blood flow by approximately 30% and
decrease MABP by 10^.

This response was abolished by atropine.

As

a consequence of these studies the general opinion is held that unless
one controls the major determinants of coronary blood flow (heart rate,
contractility, MABP, myocardial oxygen consumption) it is impossible
to demonstrate a parasympathetleally-mediated coronary vasodilation.
Most interestingly, in the present study these factors were not controlled and in spite of this atropine significantly reduced coronary
blood flow.

A decrease in coronary blood flow could occur as a result

of a decrease in aortic blood pressure, heart rate, myocardial systolic
squeeze (contractility) and myocardial 0« consumption.
this study, both MABP and heart rate were unchanged.

However, In
Although contrac-

tility was not measured, atropine would be expected to Increase this
parameter because vagal stimulation decreases dP/dt (18). An increase
in contractility would increase coronary blood flow, a change in the
opposite direction to that observed.

Because MABP and heart rate were

unchanged and contractility was probably not decreased it is unlikely
that a decreased myocardial 0^ tension can account for the reduced
coronary blood flow observed after cholinergic blockade.
gests that the observed decrease In coronary

This sug-

65
blood flow after atropine was due to the direct blockade of a tonic
parasympathetic dilatory influence.
While the physiological significance of the parasympathetic
influence on the heart has not been demonstrated, there are a number
of circumstances where the importance of this system may have been
overlooked.

There Is evidence for an increase in parasympathetic

tone in acute situations such as diving (3) and chronic situations
such as exercise training (12).

In both cases a dilation of coronary

arteries in response to the increase in parasympathetic tone would be
beneficial because the Increased blood flow would provide a greater
oxygen delivery.

Further, removal of parasympathetic dilatory In-

fluence could be Involved In the initiation of vasospasam.

While

atropine is the agent of choice to reduce bradycardia following myocardial

Infarction, this may in fact be detrimental to coronary blood

flow at a time when this factor is critical.

Humoral Control
The decrease in ABF following indomethacin treatment suggests
that prostaglandin synthesis plays a role in normal control of ABF
in the anesthetized animal.

It should be noted, however, that in

the kidney, while indomethacin decreases renal blood flow in the anesthetized dog (15), it appears to be without effect in the awake
animal

(56).

Prostaglandin synthesis was demonstrated by the present

studies to be unnecessary for maintenance of ABF during hemorrhage.
Once again, flow I smaintained by a decrease in AVR In spite of the
indomethacin blockade.

The large decrease in heart rate following
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indomethacin has also been observed by Seymour (51), however, there is
no explanation for the finding at the present time.
Similar to the prostaglandin study, histamine has a vasodilatory
influence in normal control of ABF, however, it Is not necessary for
the maintenance of ABF during hemorrhage.

This study does not completely

define the action of histamine on the adrenal vascular bed.
this would require the separate use of Hj and H2 blockers.

To accomplish
Histamine

can cause constriction or dilation depending on the type of vascular
smooth muscle.

In general, Hj receptors constrict most arteries (greater

than 80 ym diameter) and veins and partially dilate arterioles, metarterioles, precapillary sphincters, and venules, whereas H2 receptors
are purely vasodilators (2).

However, if histamine receptors were

mediating the maintenance of ABF during hemorrhage, a combined blockade
should alter the response and result in a compromise in ABF during
hypotension.
Hypophysectomy also did not impede the typical hemodynamic response pattern of maintained flow by a decrease in resistance during
hypotension.

These animals did have a lower mean starting flow (135

ml/min/100 g) than the other experimental groups (range 190-250 ml/min/
100 g ) .

This could be due to either the removal of ACTH or surgical

trauma.

However, the basic hemodynamic response pattern during hemor-

rhage is not altered.
In terms of the pancreas, these experiments suggest that as in
the adrenal both histamine and prostaglandin synthesis have a vasodilatory influence on resting pancreatic blood flow in the anesthetized
animal.

Histamine infusion into the pancreatoduodenal artery has been
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shown to produce vasodilation in the pancreas (4l). Although systemic
infusion of PGE leads to a decrease In pancreatic blood flow, this decrease is attributed to a neural reflex since there is a concomitant
decrease In MABP (8).
As in the pancreas and adrenal, prostaglandin synthesis and
histamine appear to have a vasodilatory influence on resting coronary
blood flow.

PGE and prostacyclin are both known coronary vasodilators

(14) and prostaglandins have been Implicated as mediators of autoregu1ation (1).
Histamine produces coronary vasodilation In the dog Isolated
heart-lung preparation (37). This effect is presumably mediated by
a combination of both Hj- and H2-histamine receptors.
Hypophysectomy resulted In a depressed resting blood flow in
both pancreas and heart.

Whether this was due to the surgical trauma

involved In exposing the forebrain, or to actual removal of the pituitary is not known.

However, in contrast to the adrenal, flow was

reduced in both organs during hemorrhage.
In summary the present studies demonstrate, using radioactive
microspheres, the maintenance of ABF secondary to a decrease in adrenal
vascular resistance during hemorrhage to 50 mmHg.

The changes in plasma

Cortisol levels seen in this study secondary to hemorrhage (9.9 l 0.9
to 19.6 1 5.6 yg %) would tend to confirm the normal function of the
adrenal under these circumstances.

In contrast, either no change or

a decrease in plasma Cortisol has been observed In the cannulation
studies In which a decrease in ABF during hemorrhage occurs, supporting the concept that cannulation Itself interferes with adrenal blood
flow.
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In the current experiments the possibility of a neural mechanism
being responsible for the maintenance of ABF is virtually eliminated.
A humoral mechanism Involving the more likely compounds (prostaglandins,
histamine, ACTH) has also been eliminated.

However, other agents as

yet untested (serotonin, bradyklnin) have not been ruled out as possible
mediators.

A metabolic mechanism for the maintenance of ABF would

probably be related to the increased Cortisol production during hemorrhage.

Significant consumption of ATP for Cortisol synthesis may lead

to accumulation of adenosine.

However, In the hypophysectomized animal

ABF is maintained In the face of decreasing Cortisol production making
a metabolic mechanism unlikely.

Therefore, a myogenic mechanism would

appear to be the most likely explanation for the maintenance of ABF
during hemorrhage.

Specifically designed pressure flow studies must

be performed to confirm this hypothesis.

CHAPTER V

CONCLUSIONS

1.

Using the radioactive microsphere technique adrenal blood

flow is maintained during hemorrhage to a mean arterial blood pressure of 50 mmHg.

Maintenance of adrenal blood flow is the result of

a decrease in adrenal vascular resistance.

This is in contrast to

the pancreas and heart where blood flow decreases during hemorrhage.
2.

Maintenance of adrenal blood flow during hemorrhage does

not appear to be mediated neurally.
a)

Beta-adrenergic receptors, a-adrenergic receptors,
ganglionic transmission, and muscarinic receptors
are all unnecessary for maintenance of adrenal blood
flow during hypotension.

b)

Beta-adrenergic receptors play a role in control of
resting adrenal blood flow.

c)

During isovolumetric hypotension Induced by ganglionic blockade, adrenal blood flow Is not only maintained but shows a significant increase.

This in-

crease is mediated by a cholinergic mechanism.
3.

Maintenance of adrenal blood flow during hemorrhage does

not appear to be humorally mediated.
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a)

Prostaglandin synthesis, histamine, and ACTH are all
unnecessary for maintenance of adrenal blood flow
during hypotension.

b)

Prostaglandin synthesis and histamine play a role in
control of resting adrenal blood flow in the anesthetized dog.

4.

Studies on pancreatic and coronary blood flow indicate a

pronounced muscarinic dilatory Influence on resting vascular tone suggesting a much more important role for cholinergic activity than commonly assumed.
5.

A metabolic mechanism for maintenance of adrenal blood flow

during hemorrhage is unlikely since blood flow was maintained in the
hypophysectomized animal under the circumstance of a decrease in
adrenal metabolic activity.
6.

This study implies that the most likely mechanism for the

maintenance of adrenal blood flow during hemorrhage is an intrinsic
myogenic property of the adrenal vascular smooth muscle.
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