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ABSTRACT

A technique is described for in situ perfusion of a single 

rat adrenal gland through its arterial circulation permitting contin­

uous collection of secretory products from the single vein that 

drains the gland. Male hooded Long Evans rats (300 - 650 gms) were 

anesthetized with urethane and the arterial and venous circulations 

of the left gland isolated. Oxygenated Krebs Ringer bicarbonate 

glucose (KRBG) at 38° C was perfused within 60 seconds after inter­

ruption of the circulation. X-ray studies of glands perfused with 

Thorotrast or BaS0/4 confirmed tliat the perfusate passed through the 

adrenal and was present in the venous effluent. Flow rate was main­

tained at 1.8 t.n n.O ml/hr with a peristaltic pump and remained 

constant for a given experiment. Thirty minute samples of venous 

effluent were collected and analyzed for corticosterone (B ) by 

acid-fluoresc-ence. Both R output and flow of effluent fell to 

immeasurable levels when the adrenal vein was ligated during a 

perfusion. This confirmed the adrenal origin of the venous effluent.

Perfusion with unsupplemented KRBO (controls) of adrenals 

from intact rats showed 2 different patterns of response over a 

8 hour period; (1) a hig,h initial output of B during the first 

30 minuutes of perfusion which decreased with time (Pattern T) and,

(2) a high initial output which decreased during the first hour, 

follwed by spontaneous transient increases which then decreased 

with time (Pattern II), Regardless of the pattern of response, 

mean outputs of 1,8 (- 0,25 S.K.) pg B during the first 30 minutes 

declined to 1.0 (- 0.25 S.L.) af ter 3 hours and 0,h? (- 0,20 S.L. )
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jig B after 6 hours of perfusion.

Perfusion of adrenals from rats 2 to 3 hours after hypo- 

physectomy shaved lev initial outputs of n which gradually increased 

with time. Mean outputs of 0,12 (- 0,06 S.E. ) jig b during the first 

30 minutes increased (spontaneously) to 0,<u> (- 0.2H s,E, ) jig after

5 to 6 hours of perfusion.

Most adrenals from intact rats continuously perfused with 

AC.TH (100 mU/ml) maintained relatively high outputs of b for 3 to

6 hours or longer before showing any decline. Mean outputs of 1.8 

(- 0.21 3.1-:,) jig b during the first 30 minutes increased to 3.2

(- 0.80 8.E.) jig after 3 hours and declined to 1,1 (- 0,18 S,E.) 

after 6 hours of perfusion. Response to AC Til in most perfusions 

was immediate showing little or no lag period. The mean total 3 

hour B output from KRBG-perfused adrenals was 7,2 (- 1.6 S.E,) pg bj 

this increased to 12.87 (^ 1,6 S.L.) under the influence of ACTH 

(P-^-0.05). No relationship was observed between flow rate and U 

output from any control or AfTH-perfused adrenals.

Attempts were made to find an explanation for the transient 

increases in output observed from some Kit KG-per fused adrenals. They 

did not appear to be due to an effect of ACTH or nembutal, nor were 

they directly related to the time of day. The increases vc, elim­

inated or diminished by perfusion with dextran and with .ndomethacin, 

an inhibitor of prostaglandin synthetase. Addition of 3 jig/ml 

prostaglandin T 2 to the indomethacin-eontai.iing medium result­

ed in a transient increase in b output suggesting that the transient 

increases may represent a response to increased endogenous adrenal 

prostaglandin synthesis, Ot tier possible explanations for the
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transient increases are discussed.

Perfusion with PCE], PGL2  and FOF-jo*- of adrenals from intart 

rats increased H output. Variation in the response of different 

p.lands to a particular prostaglandin was observed, FGF] and 1-̂;I’ 2  

did not increase I> output from in vi tro- incubated adrenal sections, 

the mean total 3 hour 1> output from adrenals perfused only with 

i ndorret liaci n was 6. In 0 . t > r? S.L.) pg; thi s was increased to l*>.b3 

(- 2. ‘i.f,) when P M ^  C r> P(’/ml) was added to the indometharin-

containing medium. This stimulatory effect was highly significant 

(I w£.0,0Ul) and not accompanied by an increase in flow rate. PM-'], 

POKp and PM'jo* at levels of 10 >ig/ml increased adrenal flow rate 

as well as h 0 1 it put.



- vi -

ACKHOWLEDGEKENTS

I wish to express my deep personal thanks to Dr. Carl Monder 

In whose laboratory the following work was carried out. 1 an 

especially grateful to him for accepting me in his laboratory, 

for his generous support of this research project and for the 

independence of study which he permitted. Dr. Monder*s criticism 

and direction made this work possible, and will, 1 an sure, have a 

lasting effect on ny scientific career.

I would like to express my sincere appreciation to my thesis 

advisor, Dr, Constance K. Martin. Her guidance contributed greatly 

to the progress of my ideas and experiments. I am especially state­

ful for her understanding and encouragement.

I would like to thank Dr, John W. Kendall, Jr. of the 

University of Oregon Medical School for having furnished me with 

the fluorometric assay method used in this study.

My heartfelt thanks to Mrs, Alena Coufalik for always making 

herself available when help was needed with the surgical procedure.

I am extremely grateful to Mr. George A h e a m  of Edward Week 

and Company for the gift of an almost unlimited supply of hemoclip 

surgical vasoccluding clips. These clips were essential for the 

development of many of the surgical techniques described in this 

thesis,

1 would also like to thank the following peoplej

Dr. J,J, Chart of the Ciba-Geigy Corporation for Synachten

(ACTH) and aminoglutethimide.



- vi i -

Dr. John E. Pike of the Upjohn Company for the prostaglandins. 

Dr. Bhupendra Hajratwala of Invenex Pharmaceuticals for a 

generous supply of sodium heparin.

Dr. Carl R, Stevenson of Merck Sharp and Dohme Research 

Labor aor ies for the indometharin.



- viii -

DEDICATION

To my wife Brigitte, for her patience and under­

standing - and for her help with the physical 

preparation of the present opus, I am forever 

grateful.



- ix -

TABLE UP CONTENTS

Page
INTRODUCTION ..................................... ................  1

I. The adrenocortical secretion.....................    2

A. Historical background.................................  2

B, Pathways of adrenocortical hormone biosynthesis.... S

II. The adrenocorticotropic hormone (ACTH)...........   12

A. Chemical structure and biological activity ......... 12

B. The steroidogenic effect of ACTH .................... 12

C. Effect on adrenal blood flew ........................  17

D. Mechanism of a c t i o n ................     22

(1) The steroidogenic effect ............   22

(2) Involvement of calcium.......................... 2b

III, Prostaglandins..................................  29

A. Occurrence and release from tissues........   29

B. Chemical structure..............................   30

C. Biosynthesis and metabolism  ..........    32

D. Role in hormone action  ..........................   39

E. Involvement in adrenocortical function..........   35

(1) Prostaglandins and steroid-producing
organs .........................      3S

C2) The presence of prostaglandin precursors
in rat adrenal glands  ...............   37

(3) The presence and release of prostagland ins
from adrenal glands  ....    39

(9) Stimulation of adrenal steroidogenesis by
prostaglandins  ............................  91

(a) In vivo studies ............................  91

(b) In vitro studies  ........................ 99



- X -

TABLE OF CONTENTS (continued)

-P*&e
(5) Possible mechanisms for prostaglandin

effects on the adrenal cortex  .............. 46

(a) Regulation of cyclic AMP l e v e l s ..........  46

(b) Effect on blood flow .......................  4 7

IV. Methods of approach to the study of adrenal steroid­
ogenesis .................      50

A. In v i v o .......      50

B. Ir» vitro-incubation................................... 51

Cl) Tissue damage in vitro ........................ 53

(2) Limitations arising from the Btatlc nature
of the incubation......... ,.........«..........  55

(3) Sensitivity to ACTH jjn vitro .................. 5 7

C. Adrenal perfusion ..............    59

PRELIMINARY STUDIES ...............................................  65

1. General anatonjy .......................................   65

II. The arterial blood supply to adrenal glands
in the r a t ..........       70

A. Previous descriptions  ....................    70

B. Perfusion of blood vessels for visualization ...... 71

C. The blood supply of the left adrenal gland
of the Long Evans rat 73

MATERIALS AND METHODS .............................................  75

I. Perfusion of the adrenal gland 75

A. Surgical techniques ..........................   75

(1) Standard procedure (protocol)  ..............  76

(2) Summary of surgical technique.............   88

(3) Adrenal vein cannulation .................   89



- xi -

TABLE OF CONTENTS (continued)

B. Experimental procedure...............................  92

(1) Preparation of the perfusion m e d i u m ............ 92

(2) Flow rate and perfusion pressure  ............ 92

(3) Collection and handling of s a m p l e s ..........  93

C, Additions to the perfusion m e d i u m ..................  93

Cl) Adrenocorticotropic hormone ..................   93

(2) D e x t r a n ................    99

(3) Arainoglutethimide.........      99

(9) Indomethacin................................   99

(3) Prostaglandins .................................... 95

II. Hypophysectcmy ...................................     9 5

III. Fluorometric assay of corticosterone....................  96

A. Assay of adrenal venous effluent.............   96

B. Precision and accuracy of the assay method ........ 98

C. Endogenous rat adrenal steroid output and 
specificity of the method ...........................  99

IV. In vitro studies  ...........        101

RESULTS AND DISCUSSION OF RESULTS ................................. 103

I. X-ray studiest perfusion with radioopaque
substances ................................................   103

II. Patterns of response to unsupplemented perfusate
(KRBG) in the intact rat .................................  103

A, The initial output of corticosterone decreases
with time (Pattern I) .................   106

B. Transient increase in corticosterone output
(Pattern II) .........................................  109

III. Response to unsupplemented peTfusate (KRBC) In
the hypophysectomized rat ................................  121



- xll -

TABLE OF CONTENTS (continued)

Page
IV, Response to ACTH  ................................. . 128

A. Continuous perfusion with ACTHt 100 mU ACTH/ml
KR&G .................................................... 128

B. Continuous perfusion with ACTH (100 aU/m\ KRBG)
after a 120 minute washout with KRBG  ..........  136

C. Continuous perfusion with ACTHt 10 mU ACTH/ml
KRBG ................................ ...................

D. Continuous perfusion with ACTH (100 mC/ml KRBG )
plus amino-glutethiraide (10O pg/al KRBG)  .........  147

V. The effect of adding dextran to the perfusion
medium (52 dextran in K R B G ) .......................... 151

VI. Perfusion with Indomethacin ............. ............. . 1^2

A. Rationale for studying the effects of indomethacin
on the perfused rat adrenal gland .......     152

B. Indomethacin inhibits prostaglandin biosynthesis
in several biological preparations...........   156

C. The effect of adding indomethacin (5 pg/ml KRBG)
to the perfusion m e d i u m ....................   157

VII. Response to prostaglandins..............................  162

A. Prostaglandin E2 .............     162

(1) Continuous perfusion with 5 pg prostaglandin
E2 plus 5 jig indomethacin per ml K R B G .........  1.62

(2) Continuous perfusion with 10 *ig prostaglandin
E2 plus 5 jig indomethacin per ml KRBG .........  171

B. Pr os tag land in E^i continuous perfusion with 10 jig 
prostaglandin Ej plus 5 pg indomethacin per ml 
KRBG after. 90 minutes of perfuBion with
indomethacin (5 >ig/ml K R B G ) .........................  176

C. Prostaglandin Fjoa 1 continuous perfusion with
10 ug prostaglandin plus 5 jig Indomethacin
per ml KRBG after 90 minutes of perfusion with 
indomethacin (5>ig/ml KRBG) .........................  178



- xiil -

TABLE OF CONTENTS (continued)

Page

VIII, Perfusion with direct cannulation of the adrenal
gland ......................................................  182

IX. In vitro incubation studies on quartered rat
adrenal glands ............................................  187

A * vitro response to ACTH   18B

B. Comparisons between _in situ perfused and _in vitro
incubated adrenal glands ............................  190

GENERAL CONSI DERATIONS AND CONCLUSIONS ......................... 19A

I. The technique of adrenal perfusion ......................  19A

II, Control (KRBG) perfusions ..........................    197

III. Transient increase in corticosterone output from
KRBG-perfused adrenal glands ............................  203

IV. Response to ACTH ..........................................  211

V. Response to prostaglandins...............................  217

APPENDIX ..........................................................  222

The importance of ligating venous branches which
empty into the adrenal veint early studies  ........  222

REFERENCES......„................................................   23b



- xlV -

LIST OF TABLES

p«&e
Table I. Effect of ACTH on blood flow through the

adrenal gland ................... ,.................  20 - 21

Table II. Corticosterone output from perfused (KRBG) 
adrenal glands showing Pattern I type of
response  ................................  114

Table III. Corticosterone output from perfused (KRBG) 
adrenal glands showing transient Increases 
In output (Pattern I I ) ....................... . 118

Table IV. Corticosterone output from adrenal glands 
perfused with KRBG 2 to 3 hours after
hypophysectomy ............................. . 125

Table V. Corticosterone output from adrenal glands
perfused with ACTH (100 m U / m l ) ......... ...... . x 32

Table VI. Total 3 hour corticosterone output from
perfused adrenal glands: effects of ACTH
and hypophysectomy ................................  137

Table VTI. Corticosterone output from adrenal glands
perfused with KRBG-contalning 5Z dextran ........ 155

Table VI11.Corticosterone output from adrenal glands
perfused with Indomethacin  .....................  161

Table IX. Corticosterone output from adrenal glands 
perfused with prostaglandin E2 (5 pg/ml) 
plus indomethacin.............................  168

Table X. Total 3 hour corticosterone output from
perfused adrenal glands: effects of ACTH,
indomethacin and indomethacin plus
prostaglandin E2 ....................  170

Table XI. Corticosterone output from adrenal glands 
perfused with prostaglandin E2 (10 pg/ml) 
plus indomethacin.................................. 172

Table XII. Corticosterone output from adrenal glands
perfused with indomethacin (90 min) followed 
by perfusion (270 min) with prostaglandin Ex 
(10 ytg/ml) plus indomethacin  ..................  177



— 5CV —

LIST OF TABLES (continued)

Page
Table XIII, Corticosterone output from adrenal glands 

perfused with indomethacin (90 min) 
followed by perfusion with prostaglandin Kj 
(10 pg/ml) plus indomethacin  .......    181

Table XIV. Corticosterone output from single quartered
rat adrenal glands Incubated in vitro ..........  189

Table XV. A comparison between corticosterone output
from single adrenal glands incubated _̂n vitro
and from in situ perfused adrenals ...........  191

Table XVI, Mean hourly adrenal corticosterone outputi 
a comparison between KRBG-perfused and
superfused adrenal g l a n d s ........    202

Table XVII. Mean hourly adrenal corticosterone output: 
a comparison between ACTH-perfused and
ACTH-superfused adrenal glands .................  213



- XV i -

LIST OF ILLUSTRATIONS

Page

Figure 1. Pathways of glucocorticoid biosynthesis ...........  6

Figure 2. Structures and precursors of the
prostaglandins .......................................  31

Figure 3. Ventral view of the kidneys and adrenal
region showing the relations of the
u j o r  vessels ........................................  67

Figure AA, Point of entry of the adrenal vein into
the left renal vein as observed in most
animals studied ......................................  69

Figure AS. Pnint. of entry of the adrenal vein into
the left renal vein* an infrequent
observation...........     69

Figure S. Ventral view of adrenal region shewing
placement of loose ties and blood
vessels to be ligated ...............................  79

Figure 6. Position of venous cannulae and arrangement
of sutures for the two possible points of 
entry of the adrenal vein into the left 
renal v e i n .................................    84

Figure 7. Ventral view of adrenal region shewing
ligated blood vessels and flow of perfusate 87

Figure 8. Arrangement of sutures and cannula for
direct cannulation of the adrenal v e i n .............  91

Figure 9. Photograph of an x-ray taken after adrenal
perfusion with Thorotrast.... ........................ 105

Figure 10. Corticosterone output and flow rate for a
control (KRBG) adrenal perfusion showing 
Pattern I type of response............................108

Figure 11. Corticosterone output for a control (KPBG)
adrenal perfusion (Pattern I) ........................Ill

Figure 12. Corticosterone output for a control (KRBG)
adrenal perfusion (Pattern I) .................. .....113

Figure 13. Corticosterone output and flow rate for a
control (Kr BC) adrenal perfusion showing 
Pattern II type of response ......................... 116



p*&e

124

127

130

135

139

141

143

146

150

154

160

164

- xvi 1 -

LIST OF ILLUSTRATIONS (continued)

Corticosterone output and flow rate from
an adrenal gland perfused with KRBG two
hours after hypophysectomy........ ...»............

Corticosterone output from an adrenal gland 
perfused with KRBG two hours after
hypophysectomy.......................................

Corticosterone output from two adrenal 
glands continuously perfused with ACTH 
(100 nU/ml KRBG) for 6 hours .......................

Corticosterone output from an adrenal gland 
continuously perfused with ACTH (100 mU/ral KRBG) 
for 6 h o u r s ........................................ .

Total 3 hour corticosterone output from
perfused adrenal glandst effects of ACTH
and hypophysectomy  ..............................

Corticosterone output and flew rate from an 
adrenal gland perfused for 2 hours with KRBG 
followed by perfusion (4 hours) with ACTH 
(100 mU/ml KRBG) .....................................

Corticosterone output from an adrenal gland 
perfused for 2 hours with KRBG followed by 
perfusion (4 hours with ACTH (10O mU/ml KRBG) ....

Corticosterone output from adrenal glands
continuously perfused with 10 raU ACTH/ml
KRBG for 6 h o u r s ..................................

Corticosterone output from adrenal glands 
continuously perfused with ACTH plus 
aminoglutethlmide........ ............ ..............

Corticosterone output from an adrenal gland 
perfused with KRBG-containing 52 dextran  ......

Corticosterone output front adrenal glands 
perfused with indomethacin for 6 hours ...........

Corticosterone output and flow rate from an 
adrenal gland continuously perfused with 
prostaglandin £ 2 ( 5  *ig/ml KRBG) plus 
indomethacin (5 )ig/ml)..............................



- xvlii -

LIST OF ILLUSTRATIONS (continued)

Figure 26, Corticosterone output and flow rate fro® an 
adrenal gland continuously perfused with 
prostaglandin E£ (5 pg/nl KRBG) plus
indomethacin (5 pg/ml)  ............   167

Figure 27. Corticosterone output and flow rate from an 
adrenal gland continuously perfused with 
prostaglandin E2 (10 pg/ml KRBG) plus
indomethacin (5 pg/ml)  ............... ....... 176

Figure 28. Corticosterone output and flow rate from an 
adrenal gland perfused for 90 minutes with 
indomethacin followed by perfusion (210 min) 
with prostaglandin Ej (10 >ig/ml) plus
indomethacin ........................................  180

Figure 29. Corticosterone output and flow rate from an 
adrenal gland perfused for 90 minutes with 
indomethacin followed by perfusion (270 min) 
with prostaglandin F]o< (10 ̂ jg/nil) plus
indomethacin ........................................  184

Figure 30. Corticosterone output from perfused adrenal 
glands using the technique of adrenal vein 
cannulation .................    I®6

Figure 31, A comparison of corticosterone output from
KRBG-perfused adrenals with that from super­
fused adrenals ......................................  200

Figure 32. Spontaneous increase in corticosterone output 
from KRBG-super fused adrenal glands of intact 
r a t s ...................... ........... ...............  210

Figure 33, Adrenal perfusion (KRBG) with veins emptying 
into adrenal vein remaining patentt cortico­
sterone output and flow r a t e .......     224

Figure 34. Adrenal perfusion (1000 »U ACTH/ml) with veins 
emptying into adrenal vein remaining patent 1 
corticosterone output  .........................  227

Figure 35. Adrenal perfusion (50 + 200 mU ACTH/ml) with 
veins emptying into adrenal vein remaining 
patent) corticosterone o u t p u t   ........   229



- xtx -

LIST OF ILLUSTRATIONS (con tinned>

Figure 36. Corticosterone output end flow rate from
an adrenal gland continuously perfused with
ACTH (100 nil/ml) followed by ligation of
the adrenal veini veins emptying into
adrenal vein were p a t e n t ............     232

Figure 37. Corticosterone output and flow rate from
an adrenal gland continuously perfused with
ACTH (100 mU/ml) followed by ligation of
the adrenal veini veins emptying into
adrenal vein were l i g a t e d .................   234



- 1 -

INTRODUCTION

This thesis describee the development of a technique for 

in situ perfusion of the rat adrenal gland. The reason for pursuing 

this approach was the desire to study the adrenal cortex under more 

physiological conditions than one encounters using conventional Jri 

vitro procedures - and at the same time, to eliminate or control some 

of the variables present _i_n vivo.

The objectives of this study werei

(1) Development of the surgical techniques necessary for 

perfusion of a single rat adrenal gland through its arterial circu­

lation, Perfusion at a constant rate with a physiological solution 

would then permit continuous collection of the secretory products 

from the single vein that drains the gland.

(2) Establishment of well-defined experimental conditions 

under which the perfusion system could be used to study steroido­

genesis.

(3) Modification of experimental conditions through addition 

of adrenocorticotropic hormone (ACTH), prostaglandins and other 

agents to the perfusing medium in order to study qualitative and 

quantitative changes in adrenal secretory activity in response to 

substances known to Influence corticosteroidogenesis.

(4) comparison of the secretory activity of the perfused 

adrenal with that of single glands incubated _in vitro using a classi­

cal in vitro incubation system.
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1, The adrenocortical secretion

A, Historical background

Most students of endocrine history agree that our knowledge 

concerning the adrenal cortex appears to have begun in 1563. In that 

year Bartolomeo Eustacchio first described the adrenal glands, although 

it took another 150 years before his anatomical drawings were actually 

published (Castiglioni, 1941; Jones, 1957). The function of the 

adrenals appears to have remained completely unknown for nearly 3 

centuries following Eustacchio's description. In 1855 Thomas Addison 

published a classical work in which he described the effects of 

diseases of the adrenals. His description of the metabolic disturb­

ances leading to death in cases of adrenal insufficiency established 

the physiologic importance of the adrenal glands. In the following 

year iirown-bequard showed that bilateral adrenalectomies in various 

experimental animals proved to be fatal, although animals subjected 

to sham operation survived. These experiments established that the 

adrenals are essential for life.

Houssay and Lewis (1923) showed that dogs that underwent 

bilateral adrenalectomy died whereas those having one adrenal removed 

and the medulla from the other gland destroyed remained healthy. This 

was convincing evidence that the cortex and not the medulla was the 

element essential for life.

During the 1890's and early 1900's many attempts were made to 

prepare potent adrenal extracts for the clinical treatment of Addison's 

disease. Osier (1896), using a glycerin extract of hog adrenals, was 

able to treat the symptoms of adrenal cortical insufficiency in man. 

Several groups of workers succeeded in preparing more potent extracts
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which ware able to maintain the lives of adrenalectomized animals. 

However, the extracts prepared by different laboratories differed In 

biological activity (Hartman et al, 1928| Rogoff and Stewart, 1928* 

Hartman, 1937). At that time, the cortical secretory product was 

viewed as a single hormone designated as "cortin" (Hartman et al,

1928).

The observation by Swingle and Pfiffner (1931) that the bio­

logical activity was concentrated in the lipid fractions of adrenal 

extracts led to the successful isolation and characterization of most 

of the active principles. This was accomplished in the period of 

1935 - 1940 by groups of chemists associated with Reichstein at Basel, 

Kendall at the Hayo Clinic and Wintersteiner and Pfiffner at Columbia. 

The results of early studies created a confusing nomenclature, but led 

to identification of same 21 different types of steroidal substances.

By the late 1940's, 28 different, but chemically related steroid 

hormones were Known (Hechter and Pincus, 1954). The first to be 

isolated and shown to possess biological activity was designated 

corticosterone (Reichstein and Shoppee, 1943). The other active 

compounds were shown to be derived from this substance. It was not 

known at this time whether one, several or all of these substances 

were actually secreted into the bloodstream. As the procedures for 

assaying adrenocortical activity improved it became apparent that the 

cortical secretion contained at least 3 different types of steroid 

hormones: an 11-oxygenated carbohydrate-active steroid i.e., a gluco­

corticoid, an electrolyte-regulating steroid, i.e., a mineralocorticoid 

and an adrenal androgen (Hechter and Pincus, 1954).

In 194 3, Vogt developed a technique for cannulating the adrenal



vein in dogs and other species, by collecting and analyzing the 

venous blood leaving the gland, she was able to show that there was 

far more adreno-cortical activity (as measured biologically) in the 

effluent, than could be extracted from the glands themselves. Subse­

quently, Vogt (1967) demonstrated that ACTH added to the blood per­

fusing the isolated dog adrenal increased the output oi cortical 

hormones. During the same year, Long (1967) showed that injections 

of ACTI! into intact rats stimulated adrenocortical secretion and 

caused a rapid depletion of cholesterol from the inner two zones of 

the cortex. Thus, by the early 1950's, there appeard to be agreement 

in at least 3 areasi

(1) Ttiat the adrenal cortex synthesizes and secretes hormonal 

products which are 3teroid in nature. (2) That ACTH stimulates the 

synthesis and release of these hormones and (3) that adrenal 

cholesterol is the most probable precursor of the corticosteroids.

It is important to point out that further biochemical develop­

ments such as identification of specific steroids and the elucidation 

of biosynthetic pathways would not have been possible without improved 

techniques for the extraction, isolation, fractionation and estimation 

of microquantities of adrenal steroids from biological fluids. Using, 

these newly-developed methods, Bush (1952,1953b) studied the qualitative 

and quantitative ajpects of the adrenal secretary products in a 

variety of species. The principal glucocorticoid secreted by the rat 

and rabbit is corticosterone, whereas the cat, dog and monkey secretes 

predominantly cortisol,

Hechter and associates (Hechter, 1949* Hechter et al, 1949,

1951) perfused isolated cow adrenals with steroid hormone precursors
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under controlled condition* and determined the sequence of biochemical 

reactions involved In corticosteroidogeneaia, They were also able to 

demonstrate where in this biosynthetic pathway the adrenocorticotropic 

hormone exerted its action (Stone and Hechter, 1954).

B. Pathways of adrenocortical hormone biosynthesis

The rapid depletion of adrenal cholesterol in response to 

injections of AOTH (Long, 1947) plus the obvious structural similarity 

of the steroid hormones to the first 21 carbons of cholesterol led to 

the suggestion that cholesterol is the most obvious precursor of the 

adrenocortical hormones, Zaffaroni and co-workers vl951) found that 

perfusion of the isolated cc*f adrenal with l^C-labeled cholesterol 

led to the formation of radioactive cortisol and corticosterone. 

Radioactive acetate was also converted into corticosteroids although 

cholesterol was the more efficient precursor. The question of whether 

the conversion of acetate to corticosteroids via an alternative path­

way not involving cholesterol has been considered but remains essen­

tially unresolved (Stone and Hechter, 1954) Hechter and Pincus, 1954j 

Kowal, 1969a),

A stoichiometric relationship between the disappearance of 

cholesterol and the appearance of corticoids in rat adrenals has been 

demonstrated (Peron and Robidoux, 1964). Studies such as this leave 

little doubt that cholesterol is an efficient precursor of adrenal 

steroids and may be the main one in many species. The possibility 

that the esters of cholesterol are the significant corticoid precur­

sors has been previously suggested (Goodman, 1965| Grant, 1968| Gidez 

and Feller, 1969), This point will be discussed below in more detail 

in reference to prostaglandin involvement in adrenal steroid bio-



synthesis.

Another unresolved problem is that of the origin of adrenal 

cholesterol in vivo, i.e., is adrenal cholesterol derived from circu­

lating cholesterol or Is it aynthetized _in situ7 Perhaps both sources 

are utilized in corticosteroid biosynthesis. In rats and dogs, it 

appears that adrenal cholesterol is derived entirely from circulating 

cholesterol, while in the guinea pig and rabbit, 30 - 602 is synthe­

sized _in situ. In man, 802 of the adrenal cortisol has been shown to 

be derived from circulating cholesterol (Vinson and Whitehouse, 1970).

volve a series of hydroxylation reactions. Hechter and co-workers 

(1969) first demonstrated that the adrenal gland has the capacity to 

introduce hydroxyl groups at various positions in the steroid molecule. 

Perfusion of 11-deoxycorticosterone (DOC) through the adrenal followed 

by isolation of corticosterone (compound B) from the venous effluent 

indicated that the gland has the enzymatic capacity tu introduce a 

hydroxyl group at carbon-11 of the steroid molecule. From studies 

with pregnenolone, progesterone and 1 7-<tC-OH progesterone they 

demonstrated that the gland also has the capacity to introduce hydroxyl 

functions into the t-17 and C-21 positions. The conversion of 

pregnenolone into progesterone and into corticosterone indicated that 

the gland can transform a 9-ene-3 P  hydroxy 1 function into an 06 - {? 

unsaturated ketone. Hechter and associates suggested that cortico- 

steroidogenesis involves the following pathway: 

cholesterol--------- ^pregnenolone  —  progesterone

The major biochemical reactions in corticosteroidogenesis in-

corticosterone cortisol
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Cortisol and corticosterone were believed to be the end products in 

the pathway and prageeta-one their common intermediate (Hechter et al, 

1951).

Studies which follewed showed that all the above transform­

ations could take place in adrenal homogenates except that cholesterol 

was always found to be transformed into progesterone rather than 

pregnenolone. To explain this apparent anomaly, it was postulated 

that the enzyme involved in the conversion of pregnenolone to proges­

terone ( 3 ^-dehydrogenase) was very close to the site of pregnenolone 

formation (in these preparations). Hence, all the pregnenolone formed 

from cholesterol was believed to be immediately converted inro proges­

terone (Hayano et al, 1956).

The studies witli the perfused bovine adrenal and subsequent 

work with adrenal homogenates and slices (Hayano et al. 1956) laid the 

basis for formulation of the biosynthetic pathway leading to the 

synthesis of glucocorticoids in the adrenal cortex (figure 1). A great 

deal of evidence has accumulated to support the hypothesis and it has 

changed little with time.

The synthesis of glucocorticoids from cholesterol is accom­

plished through a series of hydroxylation reactions which take place 

in different subcellular compartments. Enzymic mechanisms for hydrox­

ylation and side-chain cleavage of cholesterol to give pregnenolone, 

and for hydroxylation at position 11, are localized within the 

mitochondria of the adrenal gland (llalkerston et al, 1961) Sweat, 1951). 

Those for hydroxylating at positions 17 and 21 seem to be restricted 

to the microsomal fraction (Hechter et al, 1951; Levy et al, 1959;

Hyan and Engel, 1957; tstabrook et al, 1963). A cholesterol molecule
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in the course of its metabolism, say to cortisol (cholesterol side- 

chain cleavage + <J-21 hydroxylation + 11 hydroxylation) has to shuttle 

back and forth between mitochondria and endoplasmic reticulum. One 

imagines that each trip involves dissociation of the steroid molecule 

from an enzyme, passage through a membrane, and binding to another 

enzyme. The reason(s) for the compartmentalization of reactions is not 

kncam but must somehow be related to control of hormone synthesis.

Cholesterol, the initial substrate. (Zaffaroni et al, 1951) 

enters the mitochondrion where it is transformed into pregnenolone 

by cleavage of its side-chain (Saba et al, 1954). Large amounts of 

esterified cholesterol are "stored” within cytoplasmic lipid droplets) 

free cholesterol which results from the hydrolysis of these esters is 

believed to be the immediate source of the substrate (barren, 1968).

The availability of extra-adrenal (circulating) cholesterol to the 

steroidogenic enzyme is not clear. The first step in the metabolism 

of cholesterol to steroid hormones is cleavage of the cholesterol side- 

chain, This is believed to be catalyzed by an enzyme complex which 

converts cholesterol into hydroxylated derivatives and finally to 

pregnenolone, hydroxylation of the side-chain is a prerequisite for 

the cleavage reaction (Constantopoulos and fchen, 1961) Constantopoulos 

et al, 1966). Difficulties have been encountered in attempting to 

isolate the intermediates in the reaction (Solomon et al, 1956) Tchen, 

1968), hence the exact reaction sequence is still a matter of contro­

versy. More recently, Uurstein and but (1969) studied the reaction 

sequences from cholesterol to pregnenolone) several possible pathways 

were described and all the intermediates were shown to be hydroxylated 

derivatives of cholesterol. The most substantial portion of
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pregnenolone formation from cholesterol could be accounted for by 

assuming an enzymatic concerted attack of oxygen on cholesterol to 

form 20c^, 22 R dihydroxycholesterol which is then oxidatively cleaved 

to pregnenolone. It has also been suggested that the intermediates 

may be steroidal free radicals rather than side-chain hydroxylated 

steroids (HochberR et al, 1971).

Pregnenolone, once formed, leaves the mitochondrion and is 

transformed into progesterone by the action of a DPN-dependent 3 ̂  - 

hydroxysteroid dehydrogenase which resides in the microsomal fraction 

(Beyer and Samuels, 1956), Progesterone can then be converted to 

17-o/.hydroxyprogesterone by a cytoplasmic 17-hydroxylase. The occur­

rence of this reaction appears to vary from species to species (bush, 

1953a*Hechter and Pinous. 195b). l ortisol producers (cat, dog, monkey 

and man), liydroxylate progesterone at carbon 17 whereas rats, mice and 

rabbits under normal conditions appear not to. Progesterone and/or 

17- ̂ -hydroxyprogesterone are next converted to deoxycorticosterone 

( IKk,) and to 17-c^ hydroxydeoxycorticosterone respectively by the 

insertion of a hydroxyl group at carbon 21 (Hechter et al, 1951). The 

enzymatic system concerned with 21 hydroxylation has been shown to 

reside in the microsomal fraction (Ryan and iingel, 1957). The inter­

mediates. D C : and 17-hydroxydeoxycortIcosterone (11-deoxycortisol) now 

return to the mitochondrion where they are hydroxylated at position 

11 to give the final glucocorticoid products, cortisol and cortico­

sterone (Hayano and Dorfman, 19537.

The oxygenases which catalyze these hydroxy1at ions have all been 

shown to require NAurH and molecular oxygen (Hayano and Dorfman, 195 3; 

Ryan and Pngel, 1957; Tchen, 19o8), Recent studies show ttiat the
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oxygenases catalyzing cholesterol conversion to pregnenolone, and the 

ll-hydroxylation of DOC in addition to requiring oxygen and NADPH also 

require, a flavoprotein specific for NADPH, a non-heme iron-containing 

protein, and a particulate fraction containing the hemoprotein, 

cytochrome P-950 (Simpson et al, 1969), Cytochrome P-450 is present 

in both the mitochondrial and microsomal fractions of the adrenal 

cortex; it is believed to be the oxygen-activating enzyme which 

participates in the hydroxylations of cholesterol, progesterone, and 

DOC (Tchen, 1968; Cooper et al, 1968; Harding et al, 1968). The 

sequence of events in the hydroxylation of a steroid is initiated 

when NADPH donates an electron to the flavoprotein which then mediates 

the reduction of the non-heme iron protein. The non-heme iron protein 

is probably the intermediate in the reduction of cytochrome P-950.

The F—950 is presumed to act as the oxygen-activating component 

resulting in the conversion of the steroid into its hydroxylated 

derivative (Hammer et al, 1968* Harding et al. 1968). This electron 

transport pathway appears to be well established for cholesterol side- 

chain cleavage and for ll-hydroxylation but it is not known whether 

the flavoprotein and non-heme iron protein are components of the 21 

hydroxylase system. The carrier(s) between NADPH and cytochrome P-950 

remain to be identified for the C-21 microsomal system (bryson and 

Sweat, 1968),
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11. The adrenocorticotropic hormone (ACTH)

A, Chemical structure and biological activity

A voluminous amount of evidence has accumulated to support 

the current belief that both g r w t h  of the adrenal cortex and hormone 

biosynthesis are controlled by the pituitary polypeptide, adreno­

corticotropic hormone (ACTH) (Garren, 1968),

The complete amino acid sequences of pig, beef, sheep and 

human ACTH have been determined (see LI and Oelofsen, 1967). The 

ACTH molecule from all species studied contains 39 amino acids. The 

sequence of the first 29 and the last 7 amino acids are Identical in 

the hormones from pig, beef, sheep and man. The structure required 

for biological activity was shown to be contained in the N-terminal 

24 amino acid residues (Bell et al, 1956) Cole et al, 1956) Li, 1962).

In 1963, Schwyzer and Sieber completed the formidable task of synthe­

sizing the procine ACTH molecule. Synthetic ACTH preparations are 

at least as active as the hormones isolated from natural sources 

(Barthe et al, 1964) Bradlow et al, 1963).

B, The steroidogenic effect of ACTH

Pituitary ACTH stimulates both synthesis and release of adreno­

cortical hormones. Addition of ACTH to blood perfusing the isolated 

dog adrenal caused an lammdlate increase in the rate of secretion of 

cortical hormones (Vogt, 1951). ACTH increased corticosteroid output 

10 -20 fold in perfused c m  adrenals (Hechter et al, 1951). Micro­

unit amounts of ACTH increased steroid output from cat adrenals) the 

quantity of steroid released was shown to depend on the ACTH concen­

tration as veil as the duration of exposure to ACTH (Jaanus et al,1970).
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Cumulation of the adrenal vein in several apeclea has per­

mitted direct measurement of corticosteroids in the adrenal venous 

effluent. Such measurements have been made following injections of 

ACTH. The results have varied from one laboratory to another. Bush 

(1953a, 1953b) was unable to find a consistent rise in adrenal steroid 

output after ACTH injecticms to normal rats and rabbits but observed 

an increase in cats, dogs and sheep. Kass et al (1954) were also 

unable to detect an ACTH effect an the rate of steroid produced in 

rabbits, and only small changes in corticosterone output were detected 

in rats after intravenous infusions of ACTH (Holzbauer and Vogt,

1957). Holzbauer and Vogt (1957), believe that the anterior pituitary 

of rats subjected to the stress of vein cannulation releases enough 

ACTH to ensure that the adrenal cortex is maximally stimulated, and, 

under these conditions very little further stimulation can be elicited 

by exogenous ACTH. Other workers have shown that corticosteroid out­

put, as determined by vein caumlation in stressed rats, can be in­

creased by as such as five times the normal value (Henkin and Knigge, 

as reported by Schindler (1959) ). An Increase in corticosteroid 

secretion in the adrenal venous blood of normal dogs after ACTH ad­

ministration has also been reported by Hume and Nelson (1954).

The stimulatory effect of ACTH on cortical hormone production 

can also be observed in various in vitro systems using adrenal slices 

from different animals, including the rat (Saffran et al, 1952}

Hofmann and Davison, 1953) and the cow (Haynes et al, 1952). Super- 

fused adrenal glands as well as Isolated rat adrenal cell preparations 

respond to ACTH by Increasing corticosteroid production (Saffran et 

al, 1967} Tait et al, 1970} Swallow and Sayers, 1969). It is
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apparent fro* such studies that ACTH stlaulates corticosteroid output 

both _in t Iv o  and in vitro. The response of perfused adrenals and of in 

vitro adrenal preparations to ACTH demonstrates that the effect of 

ACTH upon the gland is direct.

There appear to be differences in sensitivity to ACTH when 

one compares responses to ACTH JLn vivo, by perfused adrenals and 

isolated adrenal cells, on the one hand and superfused or in vltro- 

Incubated adrenal slices on the other. In general, _in vivo prepar­

ations, perfused glands and isolated cells respond to mlcrounits of 

ACTH, whereas superfused adrenals and _in vitro-Incubated adrenal 

sections require ailliunit quantities of the hornone (Lipscomb and 

Nelson, 1962) Jaanua et al, 1970) Swallow and Sayers, 1969| Saffran et 

al,1953,1967). No thoroughly adequate explanation has been found to 

explain the differences. Although the inference made is that the 

perfused adrenal and the Isolated adrenal cell are the more physiol­
ogic preparations.

Attempts to demonstrate stimulatory effects of ACTH on adrenal 

hotsogenates have not been successful (Macchi and Hechter, 1954) Reich 

and Lehninger, 1955). Cell damage resulting from freezing and thawing 

of adrenal tissue seems to abolish the response to ACTH (Haynes et al, 

1954) Korltz and Peron, 1958). One concludes from these studies that 

an Intact adrenal cell is essential for demonstration of ACTH action.

The adrenal response to exogenous ACTH is rapid. In the iso­

lated cow adrenal, an increase In corticosteroid output was detected 

within 2 to 10 minutes (Hechter et al, 1951). The maximum response 

in perfused cat adrenals is reached as early as 20 minutes after ad­

ministration of ACTH (Jaanus et al, 1970). Collection of adrenal
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venous blood from hypophysectoolzed rats following aortic Injections 

of aicrounit quantities of ACTH, shoved that corticosterone secretion 

reached maximum levels 5 to 9 ainutes after the injection of ACTH, 

with return to basal levels within 20 minutes (Girard and Vance,

1962). Similar results have been reported after intravenous admin­

istration of ACTH (Lipscomb and Nelson, 1962). In this latter study, 

the concentration of corticosterone in adrenal venous blood began to 

rise as early as 2 minutes after injection of ACTH into the jugular 

vein. These studies indicate, that at least in the hypophysectomized 

animal, the adrenal is extremely sensitive to and responds rapidly to 

small amounts of ACTH.

The release of cortical hormones either by unstimulated or 

ACTH-stlmilated adrenal glands results from synthesis and secretion 

rather than from release of stored hormone. Several investigators, 

working with different animal species, have observed that the quantity 

of hormone released by the gland was greater than the amount present 

In the cortex at any one time under any set of experimental eondJ one 

(Vogt, 1943) Holzbauer, 1957) Holzbauer and Newport, 1969) Jaanus et 

al, 1970). Perfusion of cow adrenals with ACTH elicited an increase 

in corticosteroid output in the venous effluent, which greatly exceeded 

the difference in corticosteroid content between the perfused gland 

and its contralateral unperfused control. It was concluded that the 

increased output was the result of biosynthesis of corticosteroids by 

the perfused gland (Hechter et al, 1951). Holzbauer (1957), studied 

the relationship between corticosteroid content and rate of secretion 

in rats. She found that the amount of corticosterone stored in a 

single rat adrenal gland would represent the amount secreted in about



- 16 -

3 minutes under the stressful conditions of adrenal vein cannulatlon. 

Hence, "the acute effect of ACTH on steroid secretion can therefore 

not be due to the activation of a mechanism which enables the release 

of preformed steroids froei a storage site in the tissue, but must be 

due to an increase in the velocity at which corticosterone is formed" 

(Holzbauer and Newport, 1967), Perfusion of isolated cat adrenals 

with ACTH elicited a four fold increase in adrenal corticoid content 

(Jaanus et al, 1970), One concludes froei all of these studies that 

the adrenals of most species do not contain enough stored secretory 

product to account for their rates of secretion. High secretory 

rates elicited by ACTH stimulation must be due to de novo synthesis 

followed by secretion.

Elimination of the endogenous source of ACTH by hypophysectcmy 

leads to diminished adrenocortical secretion rates for cortisol and 

corticosterone, to levels only 201 of those found In intact animals. 

With time, the secretory rates fall even lower (Farrell et al, 1955} 

Singer and Stack-Dunne, 1955* Sweat and Farrell, 1954), Within half 

an hour after hypophysectomy In rats, the corticosterone secretion 

falls 12 fold, and by 4 hours the output has dropped to almost zero 

(Harding and Nelson, 1964). There is some corticosteroid secretion 

after hypophysectomy, but the levels are very low. This residual 

secretion has been observed in superfused rat adrenals taken from 

hypophysectomized rats (Talt et al, 1970).

Treatment of hypophysectomized animals with ACTH has been 

shown to increase corticosteroid secretion rates toward the normal 

level (Farrell et al, 1955a Porter and Kiaiber, 1964), It appears, 

that in the absence of ACTH there is a low residual level of steroid
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output, but that "normal” adrenal steroid release is almost completely 

dependent upon a supply of ACTH to the gland, When rats are hypo­

physectomized there is a gradual decrease in the steroidogenic response 

of the adrenal to ACTH (Dear and Guillemin, 1960; Liddle et al, 1962; 

Grahame-Smith et al, 1967). An exponential decrease in adrenal sensi­

tivity to ACTH was observed in rats as a function of time. Two hours 

after hypophysectany, the adrenal was extremely sensitive to an 

injection of one milliunit of ACTH. Ten days later, the adrenal no 

longer responded to this sane dose of ACTH (Dear and Guillemin, 1960). 

Liddle and co-workers (1962) found that at 26 hours after hypophysect- 

coy they needed about four times as much ACTH to produce a given 

response, as was required 2 hours after hypophysectany, Grahame- 

Smith et al (1967) confirmed these observations by shewing that the 

amount of corticosterone secreted to two mllliunlts of

ACTH had fallen by 702 within 26 hours after hypophysectoay, and 

after 6 days there was no longer any response to ACTH. Thus it 

appears that the response of the adrenal to hypophysectony Involves 

a rapid decrease in steroid output which reaches low residual levels 

as well as an actual decrease in the sensitivity of the adrenal gland 

to ACTH stimulation, the maximum sensitivity being observed at two 

hours after hypophysectony and decreasing thereafter.

C. Effect on adrenal blood flew

A close relationship exists between the functional activity 

of a tissue and its blood supply. The relationship is of obvious 

importance in the case of an endocrine gland whose metabolic processes 

are controlled and regulated by a trophic hormone. The secretory 

activity of the adrenal cortex is dependent on ACTH being delivered
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to the gland. The amount of ACTH arriving at the adrenal in a given 

time period is dependent on both the concentration of ACTH in the 

blood and. the flow of blood through the adrenal (Porter and Klaiber,

1965).

One problem is whether or not steroid secretion can be influ­

enced by blood flow in adrenals not maximally stimulated by ACTH.

This question has been studied by experimentally varying blood flow 

to adrenals exposed to different concentrations of ACTH, Urquhart 

(1965) found that the rate of cortisol secretion from the perfused 

canine adrenal was markedly influenced by adrenal blood flow only 

when blood ACTH concentration was low. When the ACTH concentration 

was high, blood flow had no effect on cortisol secretion. In the 

Intact dog, cortisol secretion was also shown to be dependent on 

adrenal blood flow only when the adrenal was exposed to submaximal 

stimulatory concentrations of ACTH (L'Age et al, 1970), Porter and 

Klaiber (1965) have shown that corticosterone secretion by the rat 

adrenal under conditions of constant intravenous infusion of low 

concentrations of ACTH increased with increasing flow of blood through 

the adrenal. These studies indicate that adrenal blood flow, under 

conditions of submaximal ACTH stimulation, may be an important factor 

in the regulation of adrenal cortical secretory function.

It is possible that the rapid steroidogenic action of ACTH could 

be due at least in part to a temporary increase in adrenal blood flow. 

Several factors may be involved in the regulation of flow through the 

adrenal. Infusion of catecholamines In the conscious rat caused an 

increase in net blood flow to the adrenal glands (Goldman, 1966). 

Symington (1962) believes that the longitudinal muscle bundles present
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in che central adrenal vein in man serve as valves which regulate 

blood flow through the cortex. Carotid artery ligation in the rat, 

increased blood flow to both the cortex and medulla (Kramer and Sapir- 

stein, 1967), Carotid ligation provokes sympathetic discharge and 

epinephrine secretion. The epinephrine released was believed to exert 

part of its effect on adrenal blood flow by eliciting release of ACTH. 

ACTH would then act directly on the adrenal to increase its blood 

flow.

Many workers have sought to determine whether ACTH exerts a 

direct effect on the blood supply of the adrenal cortex and If it does, 

to determine whether this effect is related to the steroidogenic func­

tion of the hormone. Table 1 summarizes some studies which have 

examined these questions. Species differences as well as the differ­

ent techniques that were used to measure adrenal blood flow vary from 

one study to another and hence make exact comparisons difficult. In 

spite of these differences, some comments can be made.

In the rat, it would appear, under the conditions of these 

studies, that ACTH increases adrenal blood flow. The dose of ACTH 

listed in Table I for each study was the lowest dose used which elic­

ited an effect on adrenal blood flow. Most studies which reported an 

effect of ACTH on blood flow had been using unit or milliunit quantities 

of ACTH, Physiologic levels of ACTH in resting animals are usually 

measured in micrrounit amounts. For example, rat plasma ACTH concen­

trations vary from 2 to 6 microunits per ml in intact resting animals 

(Rees et al, 1971). This suggests that the reported ACTH effects on 

blood flow may be pharmacologic. Porter and Kleiber (1964) used micro­

unit quantities of ACTH in their study on the rat and detected no



TABLE I. EFFECT OF ACTH ON BLOOD FLOW THROUGH THE ADRENAL GLAND

ANIMAL

rat(intact) 

rat(intact)

rat
(hypophyxJ 

rat
(hypophpc) 

dog
hamster 
rat(intact)

dog

dog

EXPERIMENTAL PROCEDURE

Adrenal vein cannulation 
ACTH infusion (250 ml)
2 techniquesi(1) cardiac output 
fractionation using rubidium 86 ( 
(2) adrenal vein cannulation 
i.v. injection of ACTH (100 mU)
adrenal vein cannulation 
ACTH infusion 26-104 micro- 
uni ts/min
adrenal vein cannulation 
i.v. injection of ACTH 
(300 tf/kg)
(1) heated thermocouples embedded 
into adrenals (dogs)
(2) fractionation method using 
rubidium 00 i.v, injection of 
ACTH (2U/kg)
cannulation of lumboadrenal vein 
ACTH dosage not specified
blood-perfused adrenal, micro­
units of ACTH

EFTECT OF ACTH ON 
BLOOD FLOW

increased about 501

approximately
doubled

no change

doubled

approximately 
doubled in the 
3 species

increased 

no change

REFERENCE

Holzbauer & Vogt (1957)

Sapirstein &
Goldman (19S9)

Porter &
Klaiber (1964)

Staehelin et al (1965) 

Stark 6 Varga (1968)

Hartman et al (1955) 

Urquhart (1965)



TABLE I, EFFECT OF ACTH ON BLOOD FLOW THROUGH THE ADRENAL GLAND

ANIMAL

dog

sheep

sheep

sheep

bovine

calf
(&-40 days 

old)

EXPERIMENTAL PROCEDURE EFFECT OF ACTH ON
BLOOD FLOW

indwelling cannula in lumbo- 
adrenal vein

autotransplanted adrenal 
i.v. infusior. of ACTH (5-6U/hr)

autotransplanted adrenal-intra- 
arterial (1-60 «U/hr) and 
i.v. (1-24 U/hr) admin.of ACTH

increased only with 
high doses (4U/dog)

no change

increased only with 
unit ants, of ACTH

autotransplanted adrenal increased only at high
i.v. infusion of ACTH (nicrounits) ACTK infusion rates

isolated blood-perfused adrenal

collection of blood leaving 
adrenal vein-i.v, infusion of 
"small amounts" of ACTH

no change

temporary increase

REFERENCE

L'Age et al (1970) 

McDonald 6 Reich (1959) 

Wright (1963)

EspineT et al (1972)

HechteT et al (1951) 

Balfonr (1953)

Hypophx « hypophysectomized
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change in adrenal blood flow (see Table I).

In the other species studied, (Table I) it also appears that 

an effect on blood flow was elicited only when high doses of ACTH were 

used i.e., unit or milliunit amounts. There was no correlation found 

between steroid secretion and adrenal blood flow in any of the studies 

sunoarized in Table I, Two important points stand out; (1) high 

levels of ACTH are necessary to stimulate adrenal blood flow and (2) 

steroid secretion appears to be independent of adrenal flow rate, 

Cycloheximide will block the steroidogenic effect Jin vivo 

but does not affect the Increase in blood flow lending support to the 

concept that the two effects of ACTH are separate (Maier and Staehelin, 

1968), The effect of ACTH on blood flow, could either be due to its 

direct action on the adrenal vasculature or its stimulation of the 

production of adrenal metabolites which could cause local vasolldation 

(Lever, 1955),

D. Mechanism of action

(1) The steroidogenic effect 

The purpose of this section is to briefly review what is current­

ly known about the mechanism of ACTH stimulation of steroidogenesis, 

i.e., how the actions of ACTH at the cellular level lead to the stimu­

lation of steroidogenesis that one observes in vivo.

The stimulatory effect of ACTH on steroidogenesis appears to 

involve the following events; (l) the binding of a specific portion 

of the ACTH molecule to a receptor located on the exterior of cell 

membranes of adrenocortical cells. (2) Activation of the enzyme 

adenyl cyclase believed to be located on the interior face of the cell 

membrane. This leads to increased intracellular production of
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adenosine 3*i5* cyclic monophosphate (cyclic AMP), (3) The binding 

of cyclic AMP to a cytoplasmic receptor protein kinase resulting in 

activation of the kinase. (6) Phosphorylation of cellular protein(s) 

and/or synthesis of labile proteins implicated in the conversion of 

cholesterol to pregnenolone i.e., the proposed rate-limiting step, 

(Gill, 1972).

Several studies have indicated that ACTH can exert ita effect 

without entering the adrenal cortical cells. ACTH, when covalently- 

linked to cellulose, or agarose, or when diazotized to polyacrylamide 

beads, retained its ability to stimulate steroidogenanesis In adreno­

cortical cells (Schimner et al, 1968) Selinger and Civen, 1971) 

Richardson and Schulster, 1972). When bound to these macromolecules, 

the ACTH-complex is presumed, by virtue of its size, to be prevented 

from entering the cell. There have also been suggestions that ACTH 

may penetrate these cells and accumulate intracellurlarly (Muller and 

Scriba, 1969).

The initial event which sets the steroidogenesis Into motion 

appears to be the binding of ACTH to the membrane of adrenal cortical 

cells. This results in the activation of the enzyme, adenyl cyclase 

(Taunton et al, 1967) Lefkowitz et al, 1970) Finn et al, 1972).

Adenyl cyclase is believed to reside in the cell membrane and to be 

oriented toward the interior of the cell. The receptor for ACTH is 

thtxight to be on the exterior of the cell (Robinson, Butcher and 

Sutherland, 1971).

Haynes (1958) was the first to shear that ACTH increased the 

content of cyclic AMP within adrenal cortical slices and that cyclic 

AMP stimulated steroidogenesis (Haynes et al, 1959). ACTH has been
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s h w n  to increase cyclic AMP levels in adrenal quarters in vitro, in 

intact adrenals _in vivo as well as in adrenal horoogenates. It appears 

that activation of adenyl cyclase results in an increased conversion 

of ATP to cyclic AMP within the adrenal cell and that this increase in 

the nucleotide occurs prior to the increase in steroidogenesis. This 

supports the concept of cyclic AMP as the intra-cellular mediator of 

ACTH action (Grahame-Smith et al, 1967),

The next step is the binding of cyclic AMP to a receptor 

protein which has been localized in the cytosol and endoplasmic 

reticulum fractions of the cell (Walton et al, 1971). The receptor 

protein is specific for cyclic AMP* its major function appears to be 

the regulation of a cyclic AMP dependent protein kinase (Gill, 1972* 

Gill and Carren, 1970).

Gill and Garren (1970, 1971) have purified and studied an adre­

nal cortical cyclic AMP dependent protein kinase and found it to con­

sist of two subunits; a regulatory receptor unit and a catalytic 

kinase unit. The receptor functions to inhibit the kinase; the bind­

ing of cyclic AMP to the receptor results in dissociation of the two 

subunits, thereby freeing the kinase. The free kinase is the activ­

ated form of the enzyme.

The conversion of cholesterol to pregnenolone is the ACTH- 

sensitlve rate-limiting step in the steroidogenic pathway. Stone 

and Hechter (1954) demonstrated that ACTH stimulates the conversion 

of labeled cholesterol to cortisol and corticosterone but the con­

version of labeled progesterone to these end products was not affected. 

This finding has been confirmed by others (Karaboyas and Koritz, 1965; 

Hall and Young, 1968; Kortiz and Kumar, 1970; Parese, 1971). Cyclic
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AMP Also exerts its control at this rate-Uniting step providing 

further evidence that it is the intra-cellular mediator of ACTH 

action (Karaboyas and Koritz, 1965j Tchen, 1968* Burstein and Gut, 

1971), A more exact identification of the regulatory site has not 

been made.

Ferguson (1963) was the first to show that protein synthesis 

is associated with stimulation of steroidogenesis by ACTH, He 

observed that puromycin, an inhibitor of protein synthesis at the 

translational level, blocked both ACTH and cyclic AMP Induced steroid­

ogenesis in vitro. Garren and co-workers (1965) showed that cyclo- 

hexlmide as well as puromycln, in doses that block adrenal protein 

synthesis, inhibited the increase in corticosterone output that follows 

ACTH administration in vivo. Administration of cycloheximide to 

swximally-stinailated adrenals was shewn to cause a rapid decrease in 

corticosterone production even in the presence of amounts of ACTH 

sufficient to maintain high levels of corticosterone output. They 

concluded that ACTH stimulates the production of a short-lived regu­

lator protein. They estimated the half-life of the protein to be 

about ten minutes. They went on to show that the site of cyclo­

heximide inhibition was the proposed rate-limiting step (cholesterol 

to pregnenolone) which had previously been shown to be controlled by 

ACTH and cyclic AMP, Actinoeycin D, an inhibitor of RNA synthesis, 

failed to prevent the action of ACTH _in vitro (Ferguson and Morita, 

1964) as well as _in vivo (Garren et al, 1965j Ney et al, 1966), This 

Indicates that the ACTH effect on protein synthesis does not require 

new RNA synthesis and probably involves relatively stable eRNA's.

Based on these studies, it Is reasoned* to suggest that ACTH
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is involved in the synthesis of s labile protein at the translational 

level. It appears that the protein exerts its effect on a rate-limit­

ing step in the steroidogenic pathway and Is required for both the 

initiation and maintenance of the steroidogenic effect.

Although the involvement of protein synthesis in the steroido­

genic effect of ACTH appears to be well-accepted, there have been 

reports which suggest that stimulation of new protein synthesis by 

ACTH is not required for its steroidogenic action (Koritz et al, 1957; 

Hechter and Halkerston, 1964; McKerns, 1968). These reports taken *"0- 

gether suggest that ACTH does not increase steroid synthesis by stlaai- 

lating the synthesis of a labile protein nor by increasing the level 

of this protein. Koritz (personal consnunication) has suggested that 

neither initiation of synthesis nor control of the level of the labile 

protein is regulated by ACTH, but that the phosphorylation and hence 

activation of an already existing rapidly-turning over protein is what 

is being regulated by ACTH.

The chain of events set into motion by ACTH results in the 

activation of a protein kinase and the synthesis of specific regulator 

protein(s)f or the activation of pre-existing protein(s). It remains 

to be seen how the catalytic activity of the kinase, i.e., how phos­

phorylation leads to the synthesis or activation of specific proteins 

which control the steroidogenic pathway. Localization of the cyclic 

AMP receptor-protein kinase complex in the endoplasmic reticulum makes 

it easy to visualize its interaction with the protein-synthesizing 

machin«y of the cell (Ualton et al, 1971).

(2) Involvement of calcium

Calcium has been shown to play an important role at various
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sites within cells of the adrenal cortex. The absence of calcium from 

the incubation medium abolishes the steroidogenic response of adrenal 

quarters to ACTH and cyclic AMP (Birmingham et al, 1953j I960) Triller 

and Birmingham, 1965). Corticosterone production in response to ACTH 

is reduced when Isolated adrenal cells are incubated in a calcium- 

free median (Sayers et al, 1972), Other workers have demonstrated a 

calcium requirement in the activation of adenyl cyclase by ACTH In 

vitro (Bar and Hechter, 1969t Lefkowitz et al, 1970). It has also 

bjen shown that calciua inhibits adenyl cyclase activity and the 

suggestion has been advanced that ACTH may activate adenyl cyclase by 

releasing this calcium inhibition (Bar and Hechter, 1969| Kelly and 

Koritz, 1971* Carchman et al, 1971).

The ability of the perfused adrenal to secrete corticosteroids 

in response to low concentrations of ACTH is dependent upon calcium. 

This stimulatory effect of ACTH has been shown to be associated with 

a redistribution of intra-cellular calcium (Jaanus et al, 1970*

Jaanus and Rubin, 1971),

Several investigators have demonstrated a site of action for 

calcium beyond the step of cyclic AMP production. Peron and McCarthy 

(1968) have suggested that a site of action for calciua may be within 

the mitochondrion. Farese (1971) has shown that a significant corre­

lation exists between incorporation of amino acid into adrenal protein 

and the steroidogenic effect of ACTH and cyclic AMP in Incubated rat 

adrenal sections. Both processes appear to require calcium.

It thus appears obvious that calcium Is intimately concerned 

with the functioning of adrenal cortical cells. Rubin ^1970) envisions 

calcium as having at least two effects on the cortical cells* one
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concerned with synthesis of corticosteroids and the other with their 

release.

The role(s) of calctun and cyclic AMP in the action of ACTH 

has been extensively studied using the Isolated perfused cat adrenal 

gland (Jaanus et al, 1970; 1972| Jaanus and Rubin, 1971; Carchman et 

al, 1971| Rubin et al, 1969 j 1972). These studies have led Rubin and 

co-workers (1972) to propose a model which attempts to explain the 

role of calcium and cyclic AMP in the action of ACTH upon the cortical 

cells.

The model proposes that a calcium fraction associated with 

adenyl cyclase keeps the activity of this enzyme at a low level. 

Interaction of ACTH with the cortical cell leads to dissociation of 

this calcium fraction resulting in activation (release of inhibition) 

of adenyl "yclase and production of cyclic AMP, Cyclic AMP activation 

of a protein kinase leads to an Increase in steroidogenesis. The 

liberated calcium fraction is believed to stove into the cell, where it 

triggers the release of newly formed steroid. Elimination of calcium 

from incubation and perfusion media has been shewn to interfere with 

steroid production (Birmingham et al, 1953j I960; Jaanus et al, 1972; 

Rubin et al, 1972) as well as with adrenal protein synthesis which 

might be required for steroidogenesis (Farese, 1971). Hence, the 

model suggests that the translocated calcium stimulates steroidogenesis 

and protein synthesis as well as playing a role in steroid release 

(Rubin et al, 1972),
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III. Prostaglandins

A. Occurrence and release from tissues

The prostaglandina are a group of substances structurally 

related to C-20 essential fatty acids and found to be present In most 

mammalian tissues and cells examined so far (Ranrell and Shaw, 1970| 

1971).

Their biological effects are numerous and Include lowering and 

elevation of blood pressure, stimulation of many smooth-musela organs 

as well as effects on most mammallan organ systems. They transiently 

affect physiological processes, such as blood pressure, lipolysis, 

gastric secretion, steroidogenesis and the functioning of platlets, 

to cite only a few of their influences. The specific effect Is depen­

dent on the precise structure of the prostaglandin in question. They 

are of high biological potencyt nanomolar concentrations produce well- 

marked responses (Weeks, 1972f Horton, 1972).

The ability to produce prostaglandins appears to be widespread 

throughout the animal kingdom. Most mammalian tissues release prosta­

glandins in response to stimuli. Lungs, adrenals, stomach and intestine 

release more prostaglandins than can be extracted from unstimulated 

tissue (Ranwell and Shaw, 1970). The dog spleen contains less than one 

mlcTOgram of PGE2 but is able to release up to 10 micrograms during the 

first minute of stimulation (Gilmore et al, 1968). Thus, Increased 

efflux is believed to reflect increased biosynthesis followed by re­

lease, rather than release from a stored form (Piper and Vane, 19711 

Ranrell and Shaw, 1970).

Neural, hormonal, and mechanical stimulation can provoke prosta-
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glandin synthesis and release. Both catecholaaiinea and nerve 

stimulation cause prostaglandin release from the dog spleen (Ferreira 

and Vane, 1967). The perfused guinea pig lung releases prostaglandins 

in response to histamine and serotonin, to anaphylaxis, and to many 

different forme of mechanical stimulation such asi perfusion of 

particles, distension, and gentle massage. Gentle stirring of 

chopped guinea pig lung also caused release of prostaglandins (Piper 

and Vane, 1971). The various stimuli evoking prostaglandin release 

and the tissue types responding have recently been suimnarized (Ranvell 

and Shaw, 1970; Piper and Vane, 1971). There appears to be little in 

coasaon between one type of stimulus and another, except perhaps a 

generalized disturbance of the cell. As Piper and Vane (1971) have 

stated, "mammalian cells seem to disgorge prostaglandins at the 

slightest provocation".

B. Chemical structure

Prostanoic acid is the trivial name given to the C-20 un­

substituted carboxyllc acid taken as the parent compound of the family 

of compounds referred to as prostaglandins (see figure 2). There are 

two series of prostaglandins, based an the degree of unsaturation; 

the subscript 1 denotes the monenoic series, while two double bonds 

(subscript 2) gives the dienoic series. There is also a trienoic 

series but it is encountered only rarely in nature. The basic struc­

ture of all naturally occurring prostaglandins include a carbon-13 

double bond, a hydroxyl group at carbon-15 and carbons 3 to 12 are 

joined to farm a 5-membered ring (see figure 2). All PGE and PGF 

compounds possess a fully saturated 5-membered ring and a hydroxyl 

group at carbon-11. The PGE compounds have a ketone at carbon 9 while
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the PGFs have a hydroxyl at this position. The FGAs are produced by 

loss of water from the 5-membered ring of the PGEs. FGB compounds 

result from isomerization of the ring double bond of FGAs (Hirunan,

1972* BergstrOm, 1967).

C, Biosynthesis and metabolism

The essential fatty acids have been shewn to be the pre­

cursors of prostaglandins in various organs of the sheep, bull, rat 

and guinea pig (Samuelsson, 1972). Incubation of labeled ar&chidonlc 

acid (5, 8,11,19-eicosatetraenoic acid) with different tissue prepar­

ations gave rise to PGE2 and PGF20* (BergstrDo et al, 196'tb, Van Dorp 

et al, 1964a}Angg£rd and Samuelsson, 1965), whereas homo- S' -linolenic 

acid (8,11,16-eicosatrienoic acid) was converted into PGE^ and FGFj^t 

(Bergstrbm et al, 1964af Van Dorp et al, 1964b) Hamberg and Samuelsson,

1966).

The conversion of these fatty acid precursors to prostaglandins 

is catalyzed by a multi-enzyme system (prostaglandin synthetase) which 

resides in the microsomal fraction of the cell (Samuelsson, 1967) Van 

Dorp, 1967) Flack et al, 1971), The precursors undergo cyelizatioci by 

a complex reaction sequence to form prostaglandins (see figure 2). The 

reaction sequence has been well studied but has not been completely 

defined; it is known to involve the incorporation of molecular oxygen 

(Samuelsson, 1972). The end products formed by the synthetase system 

depend upon many enzymes and co-factors) of which most are unknown 

(Hinman, 1972). The ratio of PG^ to PG2 compounds depends on the 

relative amounts of hoato- y  -linolenic and arachidonic acids available 

to the enzyme systen.
Biosynthesis of prostaglandins initially depends on the tissue
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concentration of the free essential fatty acids (Lands and Samuelsson, 

1968). Most of these acids appear to be incorporated into membrane 

phospholipids and other esterlfied forma from which they would have 

to be hydrolysed before prostaglandin synthetase can act (Horton,

P. 59, 1972).

Kunze and Vogt (1971) have suggested that phosphllipase A, 

which cleaves fatty acids froa phospholipids, nay play a role In 

supplying substrate for conversion to prostaglandins. These studies 

have indicated that the prostaglandin synthetase exists in a highly 

active state within Intact cells and that its synthetic ability Is 

United by the availability of fatty acid substrate. Enzyme-catal- 

yzed release of polyunsaturated fatty acids fro* cellular storage 

sites appears to be an Important sieans of control of endogenous prosta­

glandin biosynthesis (Hinman, 1972» Samuelsson, 1969).

Metabolism of endogenous prostaglandins to lass active 

products occurs rapidly at or near their sites of production as well 

as in the general circulation. Lungs and liver can Inactivate at 

least 90Z of circulating prostaglandins during a single passage 

(Dawson et al, 1968} Ferreira and Vane, 1967). These two organs appear 

to be responsible for inactivation of any circulating prostaglandins.

The rapid inactivation of prostaglandins at or near their 

sites of synthesis as well as inactivation by the lungs and liver 

could explain the short duration of their effects after injection in­

to the general circulation. This point taken together with the fail­

ure to detect significant amounts of circulating prostaglandins 

suggests that the biological effects of endogenous prostaglandins are 

restricted to their tissues of origin (Flack et al, 1971). This could
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•Iso explain the tranalant nature of the biological effects.

D. Hole In hcraont action

The available evidence rules against consideration of the 

prostaglandins as classical circulating horwmesi their transient 

activity, rapid inactivation and low circulating levels support the 

concept that they ere local humoral substances (Flack at al, 1971), 

Neither the true phjsiological role nor the Molecular node of action 

is understood for any of the nany biological effects of the prosta­

glandins.

A close relationship appears to exist between prostaglandins 

and both hormone-secreting and hormone-sensitive tissues. Hormonal 

stimulation ofsany target tissues elicits prostaglandin formation 

and release. In some tissues added prostaglandin mimics the hormonal 

response while in other tissues the response is antagonized. A major 

problem has been to relate the effects of added prostaglandins 

(pharmacological effects) and of endogenous prostaglandins.

Rapidly accumulating evidence suggests a role for prostaglandins 

in modulating the adenyl cyclase system in hormone-sensitive tissues.

As a broad generalization, it appears that where prostaglandins inhibit 

the hormonal response, that they do so by inhibiting the accumulation 

of cyclic AMPi where they mimic the hormone, they Increase the intra­

cellular levels of cyclic AMP (Ramie11 and Shaw, 1970).

Several workers have suggested a role for prostaglandins in 

local control of blood flow. Vasodilator prostaglandins, produced in 

response to hormonal or other stimulation, could act to increase blood 

flow through the organ in question. The funtlonal hyperemia observed 

upon activation of adipose tissue has been attributed to prostaglandins
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(Lewis and Matthews, 1969), The increases In blood flow observed by 

aome workers in adranal glanda after stimulation with ACTH hare bean 

attributed to prostaglandins (Grant et al, 1968| Haler and Staehelin, 

1968). A vmsodilatory mechanism could alao explain the effects of 

prostaglandins on other tlesues (Hinman, 1972).

Prostaglandins are Intijaately related to hormone action and any 

attempt to study the so called "classical hormone" without considering 

the role of prostaglandins would be incomplete. At the present time, 

their role in those tissues where they are synthesized upon humoral 

stimulation, appears to be one of an lntra-cellular regulator of the 

hormone's action. This role nay be effected by increasing or decreasing 

the accoatpanying cyclic AMP response (Flack et al, 1971). A single 

concept which explains all the effects of prostaglandins has not been 

successfully formulated. Differences in dosage, prostaglandin type and 

type of biological preparation used (honogenate vs tissue slices) are 

factors which present difficulties in trying to make valid comparisons 

between one experiment and another. The suggestion of more than one 

prostaglandin-sensitive adenyl cyclase in a single cell type (Lipson 

et al, 1971), the presence of multiple cell types and concentration 

dependent effects, further cosq»licates the picture.

E. Involvement in adrenocortical function

(1) Prostaglandins and steroid-producing organs 

The presence of prostaglandins in the ovary, testis and adrenal 

may be related to a role for these substances in steroid-producing 

organs. Although prostaglandin effects on steroidogenesis are well- 

documented, their physiological role(s) in these tissues remains unknown. 

Prostaglandins have been shown to both inhibit and to stimulate
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ovarian steroidogenesis. Several prostaglandins (PGEi, FGFi<y- and 

PGF2' < ) whan lnfuaad directly into tha artery of the autotransplanted 

sheep ovary, are capable of inhibiting ovarian progeeterone secretion 

(Aldridge et al, 1970} McCracken et al, 1970). When administered 

In vivo prestaglandIns depress ovarian steroidogenesis in rats, rabbits, 

hamsters, guinea pigs and in the rhesus monkey (Pharrlas, 1970),

Exposure of either rat or bovine ovaries to prostaglandin enhances the 

production of progesterone ^n vitro. (Pharriss et al, 1968| Speroff 

and Raswell, 1970). A recent study by Chasalow and Pharriss (1972) 

has shown that ovarian honogenates from pregnant rats are able to 

incorporate ^H-arachidanic acid into "physiologically significant** 

amounts of PGE2 * Agents known to inhibit progesterone synthesis were 

shewn to suppress incorporation of arachidonic acid, suggesting a role 

for progesterone or one of its metabolites in the control of ovarian 

prostaglandin synthetase. These studies and others taken from an 

enormous literature suggest a role for prostaglandins in ovarian 

steroidogenesis (see, Flack et al, 1971),

A much less extensive literature indicates that a relationship 

exists between prostaglandins and testicular steroid biosynthesis,

PGE compounds stimulate the secretion of testosterone in the perfused 

dog testis (Eik-Nes, 1971). Testicular tissue has been shown to con­

tain prostaglandins (Carpenter and Wiseman, 1970) and to possess the 

capacity to convert labeled precursors into prostaglandins (Carpenter 

et al, 1971). Prostaglandin synthetase activity and androgen synthesis 

were both diminished by hypophysectomy, while the addition of LH to 

these "rat testicular preparations" showed increases in both these 

parameters. This suggests a close relationship between testicular
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prostaglandin synthesis and steroidogenesis (Ellis, 1972).

Prostaglandins stimulate adrenal staroidogencsi s and ara praaent 

in adranal glanda (Flack at al, 1971), The relationship between prosta­

glandins, their release upon adranal stimulation and their possible role 

in corticosteroidogenesis will be discussed below.

(2) The presence of prostaglandin precursors in rat 

adrenal glands

It has bean known for soma tine that cholesterol asters and tri­

glycerides are the predominant lipids found in rat adrenal glands 

(Goodman, 1965| Rudman and Garcia, 1966), The adrenal glands of rats 

contain more esterifled cholesterol in proportion to their weight than 

any other tissue in the body. Four to six percent of the wet weight 

of the rat adrenal can be accounted for by cholesteryl esters (Carroll, 

1962). These lipids contain large amounts of polyunsaturated fatty 

acids. High proportions of arachidonic and lesser amounts of 

eicosatrlenoic acids (prostaglandin precursors) have been found 

esterifled with cholesterol in the rat adranal. cholesteryl arachi- 

donate is a major adrenal cholesteryl ester in the rat (Goodman, 1965).

Adrenal glands contain the enzymes capable of catalyzing the 

hydrolysis of cholesteryl esters and of triglycerides. ACTH stimul­

ation of adrenal steroidogenesis causes a rapid depletion of adrenal 

lipids. This appears to involve the selective activation of adrenal 

lipase activities (Rudman and Garcia, 1966j Macho and Palkovic, 1970) 

and of cholesterol esterase (Behrman and Gx-eep, 1972). A substantial 

and rapid depletion of the cholesterol ester fraction upon adranal 

stimulation has been observed by many investigators (Gllck and Ochs, 

1955| Goodman, 1965j Gidez and Feller, 1969). The consensus of
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opinion is that tho cholesterol, ester fraction represents a reservoir 

of choleaterol molecules which are the immediate precursors for steroid 

hormone biosynthesis (Goodman, 1965* Gill, 1972),

It also appears that the cholesterol molecules destined to 

becoeM steroid hormones may arise from the preferential hydrolysis of 

particular cholesteryl esters. Gidez and Feller (1969) have i h « n  that 

cholesteryl arachidonate, a major adrenal cholesterol ester is select­

ively hydrolyzed during steroidogenesis in the rat adrenal. A prefer­

ential decrease in adrenal cholesteryl arachidonate in response to 

ACTH injection has also been reported (Muraoka, 1965), Grant et al 

(1968) had observed that stress decreased the cholesterol ester 

concentration in human adrenals, and that this decrease was selective 

for the more highly unsaturated fatty acid esters, especially for 

arachidonic acid. Thus adrenal stimulation results in hydrolysis of 

adrenal triglycerides and cholesterol esters. Certain cholesterol 

esters are preferentially hydrolyzed leading to the accumulation of 

free cholesterol for steroid hormone biosynthesis and long ahain poly­

unsaturated fatty acids.

The fate of the liberated fatty acids is essentially unknown. 

Their unusual composition (high in polyunsaturates) led Goodman (1965) 

to suggest that they might play some special role in the adrenal.

Other workers have suggested possible functions for the adrenal fatty 

acids, but no evidence has been presented in what remains a relatively 

unexplored area. It has been suggested that the fatty acids liberated 

upon adrenal stimulation, could serve as substrates for energy metabol­

ism, for hormone biosynthesis, for the synthesis of other adrenal 

lipids (Walker and Carney, 1971| Macho and Saffran, 1967), Maier and
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Staehlin (1968) and Grant (1968) have suggested that the polyunsatu­

rated fatty acids resulting from cleavage of cholesterol esters are 

precursors of the prostaglandins and their liberation leads to adrenal 

prostaglandin biosynthesis. This speculation appears reasonable based 

on the following observations!

(1) Polyunsaturated fatty acids are prostaglandin 

precursors (Sanuelsson, 1972).

(2) The biosynthesis of prostaglandins has been shewn to 

depend on the tissue concentration of free essential 

fatty acids (Lands and Samuelsson, 1968).

(3) The tissue concentration of these precursor molecules 

depends on their release from esterifled forms (Lands 

et al, 1971).

Thus, stimulation of the adrenal cortex enhances steroidogenesis and 

appears to increase the availability of substrates which could be used 

for prostaglandin biosynthesis.

(3) The presence and release of prostaglandins from 

adrenal glands

Prostaglandins can be released from adrenal glands upon stisol­

ation in amounts which greatly exceed their endogenous concentration 

(Ramwell and Shaw, 1970). This indicates that the enzymatic machinery 

for producing prostaglandins is present in adrenal glands and that in­

creased release reflects increased biosynthesis.

PG <**- appeared in the venous effluent when catecholamine 

secretion was evoked by acetylcholine in perfused cat adrenals. When 

the glands were assayed, PGFi„*.vas found to be present in both the 

cortex and medulla. The amount released upon stimulation greatly
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exceeded the amount present in the gland (Rawell et al, 1966). A 

number of prostaglandins (PCE^, PGE2 , F G F^c . PGFjo*. , and FCA^) were 

formed by Incubating homogenates of rat adrenal glands. The formation, 

of aereral of these was increased by both ACTH and acetylcholine. An 

18-fold Increase in both PC£ 2 and FGF2*='*‘ was elicited by ACTH, while 

PGF1 o-c formation was increased about 4-fold (Shaw and Ranatell, 1967).

It should be recalled, that arachldonic acid is the precursor of the 

PC2 compounds (Samuelsson, 1972) and that adrenal cholesteryl arachi- 

donate appears to be selectively hydrolyzed upon adrenal stimulation 

(Gldez and Feller, 1969), Carney and co-workers (1972) also incubated 

rat adrenal hoeiogenates with ACTH and observed stimulation of the 

production of prostaglandins E2 , F2C"*‘ to a lesser degree, FjoA .
Superfused rat adrenals have been shown to release PGE and FGF 

compounds. The release decreased with time of superfusion. ACTH 

stimulation resulted in a further decrease. Administration of ACTH 

in vivo caused a decrease in adrenal prostaglandin content (Rassrell 

and Shaw, 1970). Hence, both the efflux and adrenal content of prosta­

glandins appear to decrease as a result of ACTH stimulation (Rawell 

and Shaw, 1970). It is difficult to resolve these data with those 

showing ACTH stimulation of prostaglandin synthesis in adrenal 

homogenates (Shaw and Ramwell, 1967j Carney et al, 1972), It is 

possible that these differences stem from the different preparations 

used i.e., intact cells versus homogenates. It has been suggested 

that the decreasing prostaglandin efflux, observed upon superfusion 

with ACTH could be due to increased utilization or decreased bio­

synthesis of endogenous prostaglandins (Samrell and Shaw, 1970). It 

is possible that ACTH is stimulating prostaglandin synthesis in both
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preparations but that an intact adrenal cell la required for utili­

zation or Metabolise of the prostaglandin. Hence, in adrenal 

homogenates. prostaglandins would be formed in response to ACTH, but 

they would not be Metabolized. The studies discussed in this section 

leave little doubt that prostaglandins are synthsized and released 

from adrenal glands.

(9) Stimulation of adrenal steroidogenesis by 

prostaglandins

(a) In vivo studies 

The wide diversity of biological effects and rapid metabolism of 

the prostaglandins makes _ln vivo studies difficult to carry out and to 

interpret. Nevertheless, several investigators have attempted to study 

the effects of the prostaglandins on adrenocortical function JLn vivo. 

Feng and co-workers (1970) showed that PGEi (0.125 - 9.0 jig), but not 

PGA| or FCF2 0 1  , when injected intravenously into rats, increased 

plasma corticosterone concentration, and decreased both adrenal ascorbic 

acid and cholesterol concentrations. These effects were not observed 

in hypophysectoralzed animals nor in rats treated with morphine to 

block "the hypothalamus or a higher nervous center". They concluded 

that P G E ^  was acting at b o o m  higher center in the brain to elicit ACTH 

release and not directly on the pituitary or adrenal glands. Flack and 

Ramwell (1972) have Indicated that this effect of PGE^ was probably due 

to cardkamscular stress and not to a direct ACTH releasing effect.

Using several assay systems for measuring corticotropic activity 

(i.e., rats in which the nonspecific release of ACTH was blocked with 

various drugs) de Hied et al (1969) found that only the prostaglandins 

of the E type were able to stimulate ACTH discharge. However, these



-  (* 2 -

prostaglandins were unable to release ACTH in all the assay systems 

employed. Flack et al (1971) have pointed out again that this effect 

on ACTH release may be due to peripheral effects of the Injected 

prostaglandins. The dose of prostaglandin used (10 ̂ pg/rat) appeared 

to exert effects on vascular and alimentary smooth muscle, which can 

modify blood pressure and cause diarrhea (Flack et al, 1971). This 

same laboratory (Flack et al, 1969) had reported the stimulation of 

plasma and adrenal concentrations of corticosterone after i.p. inject­

ion of PGE2 into hypophysectomized rats. The dose employed in this 

study was more than 100 pg/rat. In this instance the steroidogenic 

effect was not believed to be due to any peripheral effect of the 

prostaglandin (hypotension or diarrhea) since it could be elicited 

by the prostaglandin jn vitro (Flack et al, 1969).

In a recent study, several prostaglandins were stereotaxically 

injected into the anterior pituitary and hypothalamus (median eminence) 

of dexamethasone pretreated rats. Plasma corticosterone levels were 

used as an index of ACTH secretion. PGEi, PGF^cx. and PGF2 0 C were all 

shown to stimulate ACTH secretion by an indirect effect exerted at the 

level of the median eminence (Hedge, 1972). This study together with 

that of de Wied et al (1969) prompted Hedge (1972) to suggest that the 

prostaglandins stimulate ACTH secretion via corticotropin-releasing 

factor.
Wilson and co-workers (1971),found that infusions of FGA^ into 

man had no effect cm cortisol secretion. This study conflicts with 

that of Flchman et al (1972) who found that Infusions of FGA^ in man 

caused a rise in plasma cortisol which could be prevented by adminis­

tration of dexamethasone. This suggested to the authors that the
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prostaglandin influenced cortisol production by a hypothalamic effect 

on ACTH release rather than by a direct action on the adrenal gland 

(Fichman et al, 1972). These studies indicate that, at least pharmacol­

ogically, the prostaglandins may elicit ACTH secretion and they might 

be exerting this effect at the level of the brain. The physiological 

significance of these observations remains obscure.

Infusion of relatively low levels of PGEi (2 or 20 >ig/hour) 

directly into the aut©transplanted adrenal gland of the sodium deficient 

sheep showed variability in the steroidogenic response. Some animals 

showed amsrked decrease, while others only slight variation in aldo­

sterone secretion rate. Cortisol and corticosterone output were 

slightly increased but not significantly. All animals showed a 

sustained increase in adrenal blood flow. The variability observed in 

this study suggests the interesting possibility that differences in 

biosynthetic capabilities might exist from individual to individual.

This variability doesn't permit one to postulate a mechanism which 

would explain the action of PGEi upon adrenal steroidogenesis. The 

highest dosage used in this study (20 jig/hour) gave an adrenal arterial 

blood concentration of 20 n&nograms/ml, which is lower than any dose 

previously used in other Jri vivo studies. Under these more physiol­

ogical conditions, it would appear that FGE^ may increase adrenal blood 

flow without an effect on steroidogenesis (Blair-West et al, 1971).

This study is important because it is the first demonstration of prosta­

glandin effects on the adrenal using near physiological conditions.

In this same study, ACTH secretion was not stimulated when low levels 

of PGEi (20 jig/hour) were infused into the systemic circulation. This 

casts doubt on the belief held by some workers (Peng et al, 1970j
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de Wied et al, 1969; Hedge, 1972) that prostaglandin may be a factor 

in the physiological release of ACTH.

(b) In vitro studies 

Direct stimulatory effects of the prostaglandins on adrenal 

steroidogenesis have been reported in several in vitro systems. 

Decapsulated adrenal glands from acutely hypophysectomized rats (3 - 

4 hours post-hypophysectomy) aupexfused ^n vitro, increased their out­

put of corticosterone in response to added prostaglandins (Flack et al, 

1969). FGE2 was the most potent prostaglandin and caused a doubling of 

corticosterone secretion. The effect of FGE2 was dose dependent, the 

lcwer limit of response being 2,8 pM FGE2 . The order of potency for 

the prostaglandins used was, PGE2 ''> PC F 2 0 c FGA2 ^  PGEi. The adre­

nals were exposed to the prostaglandins after being superfused with 

buffer for 90 minutes. PGE2 caused a rapid and highly significant 

increase in steroidogenesis which was maximal one hour after its 

addition to the medium. The stimulation was not sustained; 3 hours 

after superfusion with PGE2 , corticosterone output had returned to 

control levels. The response to FGE2 was insignificant 12 hours after 

hypophysectooy and could not be elicited with adrenals from intact rats 

- it was also inhibited by cyeloheximide (Flack et al, 1969).

The steroidogenic response to PGE2 in this same superfusion 

system was compared to ACTH, cyclic AMP and dibutyryl cyclic AMP. The 

initial rate of corticosterone output was the sane for both PGE2 and 

ACTH; both reached a maximum level 60 minutes after t!.i_Li addition to 

the medium. Cyclic AMP and dibutyryl cyclic AMP induced maximal corti­

costerone formation at 90 and 150 minutes respectively. The prosta­

glandin response decayed rapidly while those for ACTH and the
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nucleotides decayed at a slower rate. These data indicate that the 

steroidogenic response to FGE2 is different from the response to ACTH, 

PGE2 causes a transient stimulation which decays rapidly, while ACTH 

and cyclic AMP maintain steroid secretion for several hours. The 

transient nature of the FGE2 response led these authors to believe 

that perhaps PGE2 waa releasing preformed corticosterone, it was sub­

sequently shown that FGE2 increased the concentration of corticosterone 

both in the adrenal and in the medium, and that this effect was inhib­

ited by cycloheximide. Hence, PGE2 was acting directly on the adrenal 

to stimulate synthesis of corticosterone (Flack and Ranwell, 1972). 

hoses of PGE2 and ACTH which resulted in subaaximal stimulation of 

corticosterone formation were additive when superfused simultaneously, 

while there was no potentiation of the effect when FCE2 was added to 

adrenal glands maximally stimulated with ACTH, This suggests that 

PGE2 and ACTH may be stinulatlng steroidogenesis by similar mechanisms 
(Flack et al, 197l| Flack and Rantell, 1972),

Other investigators have also shown direct prostaglandin effects 

on corticosteroidogenesis. In a classical in vitro system, PGE2 (3 juM) 

was shown to significantly increase both corticosterone and aldosterone 

production in adrenals from dexamethasone-treated rats (Spit et al,

1971), PGEi 411(1 PGE 2 (100 i*g/&ra tissue) significantly stimulated the 

production of aldosterone, corticosterone and to a lesser extent, 

cortisol from beef adrenal slices incubated _ln vitro, while PGA and the 

F prostaglandins were without effect (Saruta and Kaplan, 1972). The 

steroidogenic effect of PGE^ was shown to share certain similarities 

with that of ACTH in that calcium was required, puronjycin but not 

actinomycin u inhibited the effect, cyclic AMP levels were increased,
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and it did not produce an additive effect with exogenous cyclic AMP. 

Additive effects were not observed when PGE^ was used with submaximal 

or maximal amounts of ACTH. Based on these data, the authors suggest 

that PGEi and ACTH share the same receptor site on the cell membrane. 

PGEi would then exert its steroidogenic effect via stinulation of 

adenyl cyclase and generation of cyclic AMP (Saruta and Kaplan. 1972).

(5) Possible mechanisms for prostaglandin effect on 

the adrenal cortex 

Currently two hypotheses have been proposed to explain the 

mechanism by which prostaglandins may modulate adrenal steroidogenesis. 

One is by an effect on intra-cellular cyclic AMP levels and the other 

by controlling adrenal blood flow (Flack et al, 1969 j Flack et al,

1972). Each hypothesis is compatible with some of the available 

evidence but neither is comfortable with all of it.

(a) Regulation of cyclic AMP levels 

Zor and co-workers (1969) using concentrations of PGEi 411(1 

PGE2 which stimulated steroidogenesis in vitro (Flack et al, 1969), 

were not able to demonstrate Increases in rat adrenal cyclic AMP 

concentrations. PGEi was also shown to have no effect on an ACTH- 

sensitive adenyl cyclase preparation, partially purified from a func­

tional steroid producing mouse adrenal tumor (Taunton et al, 1969). 

Flack and Raiwell (1972) have reported no PGE2-induced increase in 

cyclic AMP concentration although corticosteroid synthesis was in­

creased in superfused rat adrenals at the same time. These results 

argue against a role for cyclic AMP in the stimulation of cortico- 

steroidogenesis by prostaglandins. The difference in steroid output 

patterns in response to PGEj on one hand, and ACTH and cyclic AMP on
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th* other, also argues against cyclic AMP as the prostaglandin mediator 

of steroidogenesis. PGE2 transiently stimulated steroidogenesis, while 

ACTH and cyclic AMP maintained steroid secretion for several hours 

(Flack and Ramwell, 1972).

In contrast to the above studies, there are several reports which 

suggest that prostaglandins might increase cyclic AMP levels. PGEi w^s 

found to stimulate steroidogenesis and to increase cyclic AMP levels in 

beef adrenal slices incubated _ln vitro (Saruta and Kaplan, 1972).

Wilson and Kitabchi (1971), have reported that prostaglandins increased 

cyclic AMP formation in isolated adrenal cells without any concomitant 

increase in steroidogenesis. ACTH stimulated adenyl cyclase and 

steroidogenesis in this preparation. The absence of a steroidogenic 

effect for the prostaglandins in this system is not clear. The data 

suggest that there might be two adenyl cyclase systems, one sensitive 

to ACTH and the other to the prostaglandins, or that the procedure 

used to isolate adrenal cells may destroy a site of action foT the 

prostaglandins.

(b ) Effect on blood flow

It has been suggested that the increase in adrenal blood flow 

sometimes observed after administration of ACTH may be due to prosta­

glandins present in the adrenal gland (Grant et al, 1968} Maier and 

Staehelin, 1968), Cleavage of cholesterol esters resulting from ACTH 

stimulation, may liberate unsaturated fatty acids which could undergo 

cyclization to form vasodilator prostaglandins, Maier and Staehelin 

(1968) c&nnulated the adrenal vein in rats and measured flow rate and 

steroid production after the administration of ACTH, ACTH was shown 

to increase steroidogenesis as well as adrenal blood flow, Adminis-
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tration of cycloheximide blocked the steroidogenic response but not 

the increase in blood flow, Cycloheximide is known not to prevent the 

cleavage of cholesterol esters but to Inhibit the subsequent conversions 

of the resulting free cholesterol (Davis and Garren, 1966). This type 

of information led Maier and Staehelin (1968) to hypothesize that fatty 

acids liberated from cholesterol esters night be converted into vaso­

dilator prostaglandins which then act by increasing adrenal blood flow. 

As a result of the increased flow, the oxygen supply to the adrenal 

would be augmented, thereby activating adrenal energy metabolism which 

might potentiate the effect of cyclic AMP on steroidogenesis. This 

could account for the very rapid steroidogenic response to ACTH 

observed in vivo. There is little evidence to support this hypothesis.

Infusion of several doses of PGEi into autotransplanted sheep 

adrenal glands shewed a consistent increase in adrenal blood flow 

which was independent of steroid secretion (Funder et al, 1969j Blair- 

West et al, 1971), These experiments question the hypothesis that the 

steroidogenic effect of prostaglandin results from an increase in 

blood flow.

If prostaglandins are the mediators of the vasodilation observed 

after ACTH, then one would expect their efflux and their adrenal content 

to increase upon stimulation with ACTH, A contradictory observation, 

i.e., a consistent decrease in prostaglandin release and content has 

been observed after _in vivo or _in vitro stimulation of corticosterone 

production by ACTH (Flack et al, 1971), One possible explanation for 

this decrease in prostaglandin release and content may be that the 

prostaglandins formed in response to ACTH are capidly degraded after 

exerting their effect. When this possibility was tested no increase in
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prostaglandin metabolites was observed when labeled PGEi was incubated 

with adrenal slices or hooogenates In the presence of ACTH (Flack et 

al, 1971). Another possible explanation for this decrease was that the 

steroid itself was inhibiting the further synthesis of adrenal prosta­

glandins. This possibility was tested by adding corticosterone to an 

In vitro prostaglandin-synthesizing system which consisted of beef 

seminal vesicle microsomes plus labeled arachidonic acid. No decrease 

in the rate of prostaglandin formation was observed (Flack et al,

1971). Hence, the ACTH-induced decrease in prostaglandin release and 

content does not appear to be due to either decreased adrenal prosta­

glandin synthesis nor to increased prostaglandin metabolism.

The reason(s) for the presence of prostaglandins in adrenal 

tissue as well as the significance of their stimulatory effects on 

adrenal blood flow and steroidogenesis is not clear. The isolated 

perfused rat adrenal appeared to be an ideal preparation for studying 

these effects of prostaglandins on the adrenal gland. It was hoped, 

that with this preparation, one could determine whether prostaglandins 

were stimulating steroidogenesis through an effect on adrenal blood 

flow or via another mechanism.
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1V. Methods of approach to the study of adrenal steroidogenesis

An ideal method for study of adrenal steroidogenesis would 

permit direct measurement of steroid production rate while at the 

same time preserving the adrenal gland in an undisturbed unstressed, 

"normal" state. Recognition that this goal has been and is presently 

unachievable has led to the development of _in vivo and in vitro 

approaches to the problem. The purpose of this section is to briefly 

assess some of these methods.

A. In vivo

The sampling of adrenal venous blood by cannulation of the 

adrenal vein first introduced by Vogt (1943) represents a direct 

approach to the study of adrenal secretion. This approach has been 

used extensively in rats where the collection of adrenal venous blood 

can be effected through either adrenal (Munson and Toepel, 1958j Cade 

and Perenich, 1965) or renal vein cannulation (Bush, 1953ajHolzbauer 

and Vogt, 1957).

The surgical procedures involved in adrenal vein cannulation 

cannot be carried out without stressing the animal. Corticosteroid 

outputs under these conditions of ACTH stimulation may be near maximal, 

suggested by the lack of a significant steroidogenic effect after 

administration of exogenous ACTH to rats undergoing adrenal vein 

cannulation (Holzbauer and Vogt, 1957). This would explain the high 

secretory rates in rats of 10 to 60 pg of corticosterone peT adrenal 

per hour observed _Ln vivo compared to 1,4 to 3.3 pg in vitro (Talt 

et al, 1970* Cade and Perenich, 1965), The technique gives information 

about maximal secretory rates under conditions of stress but tells us 

nothing about the vivo resting output. Release of endogenous ACTH
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can be eliminated by using hypophysectoaized rats but this approach 

also eliminates other pituitary hormones which may influence adrenal 

secretion.

The injection of stimulatory or inhibitory agents can be 

studied by injecting them into a peripheral vein before collection of 

adrenal venous blood. This is not a completely satisfactory technique 

because the injected material circulates throughout the body where it 

may influence the function of other glands or organs and in this way 

indirectly alter adrenal secretion.

B, In vitro Incubation

The method generally used for _in vitro studies of adrenal 

glands (whole glands, bisects, quarters, or slices) has involved in­

cubation in closed or aerated flasks in a shaking water bath for fixed 

periods of time. Most investigators have incubated adrenal tissue for 

periods of 30 to 60 minutes (preincubation period) in buffer alone 

before incubation for one and a half to three hours (incubation period) 

in fresh buffer containing the stimulatory or inhibitory agent, e.g., 

ACTH (Saffran and Schally, I955j Bakker and deWied, 1961| Birmingham 

et sl, 1968).

Although the reasons for preincubation have not been clearly 

established, It appears to be important for increasing the sensitivity 

of rat adrenals to added ACTH. In the presence of "small” amounts of 

ACTH (110 aU/100ag adrenal) only preincubated glands produced signifi­

cant amounts of corticolds (Saffran and Bayliss, 1953). The following 

suggestions have been advanced to explain the effect of preincubation 

on the sensitivity of in vitro-incubated adrenals to ACTHj (1) the 

adrenal tissue needs time to recover from any previous stimulation by
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ACTH JLn vivo (Saffran and Baylise, 1953), (2) preincubation is

necessary to remove preformed corticoids (McKerns and Nordstrand,

1955). (3) Corticoids present in the preincubation medium can in­

hibit steroid formation rate _in vitro (Birmingham and Kurlents, 1958).

(4) A substance that inhibits or inactivates ACTH accumulates in the 

preincubation medium (Bakker and deWied, 1961).

Two general approaches have been used to assess adrenal cortical 

activity after incubation of the tissue for fixed periods of timet 

(1) the direct quantitative measurement of endogenous steroid hormone 

products. With this approach information has been obtained concerning 

the physiological status of the gland and its response to _in vitro and 

in vivo stimulation (Saffran and Schally, 1955* Bakker and deWied,

1961t Birmingham et al, 1968). (2) Isolation of steroid hormone

products and isotope determination after incubation with labelled 

precursors (Lucis et al, 1965* Vinson, 1966) Laplante and Stachenko,

1966i Whitehouse and Vinson, 1971). This approach has been of great 

value in determining the biosynthetic pathways by which the steroid 

hormone products are elaborated.

Although the in vitro incubation approach has serious limita­

tions (to be discussed below), it possesses several positive character­

istics which have led to Its widespread use.

Sectioned adrenals maintain the ability to respond to their 

trophic hormone Jn vitro (Saffran et al, 1953). Unstlmulated steroid 

output can be maintained in vitro for many hours, Birmingfiam and co- 

workers (1968) have shown that sectioned rat adrenals can continue to 

put out steroids for 70 hours at which time they still retain responsive­

ness to ACTH. The in vitro-incubated adrenal gland also possesses the
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ability to maintain a steady rate of conversion of added progesterone 

and deoxycorticosterone to 18-hydroxydeoxycorticosterone and cortico­

sterone for periods of at least 8 hours (Birmingham et al, 1968).

Hence, adrenal enzyme activity appears to persist for many hours 

in vitro.

The Jri vitro method has been useful for obtaining information 

on factors affecting secretion of the unstiwulated gland and on the 

requirements for the ACTH response. For example, both calcium and 

glucose were shown to be needed for optimal ACTH response in vitro; 

in the absence of ACTH both substances were ineffective for promoting 

endogenous steroid output (Birmingham et al, 1953; Schonbaum et al, 
1956).

The ^n vitro approach possesses the obvious advantage of 

studies on isolated systems, i.e., ability to study the behavior of 

adrenal tissue in an environment not subjected to the many unknown 

and uncontrollable circumstances which prevail in the Intact organism. 

Although in vitro incubation studies have yielded much meaning­

ful information concerning adrenal cortical physiology and biochemistry, 

the technique is beset with serious limitations and disadvantages.

(1) Tissue damage in vitro 

The sectioning of the adrenal in preparation for its incubation 

results In some maceration of the tissue, although this probably occurs 

to a greater extent as a reBult of the agitation provided by the shaking 

water bath. The cellular debris which is likely to accumulate may have 

biosynthetic capabilities and a response to various agents different 

from those of the tissue being Incubated, Enzymes, co-factors and 

biosynthetic precursors may leak out of the incubating tissue.
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Several different enzyme activities have been demonstrated in 

the Incubation media from adrenal tissue incubations. The preincubation 

medium from rat adrenal quarters but not from whole adrenals has the 

capacity to metabolize labelled progesterone; the 2 major conversion 

products were corticosterone and 11- £  -hydroxyprogesterone (Tsang and 

Carballeira, 1966). Bovine cortical preincubation media has the 

capacity to effect side-chain cleavage of labelled cholesterol and its 

further conversion into corticosterone and cortisol (Carballeira and 

Durnhoffer, 1967). In demonstrating the above enzyme activities present 

in preincubation media, NADPH-generatlng systems were added. These 

studies demonstrated that enzymes are leached out of incubating adrenal 

sections.

Tsang and Stachenko (1970) observed that glucose-6-phosphate 

+ NADF stimulated corticosterone production from incubated rat adrenal 

quarters but elicited no effect on whole adrenal glands _in vitro. ACTH 

stimulated corticosterone production by both the quartered and whole 

glands. This study suggested that the steroidogenic effect of glucose- 

6-phosphate and NADF on sectioned adrenal glands involves activation of 

enzymes in the incubation medium and the stimulation of enzyme systems 

in damaged cells. The steroidogenic effect of ACTH was believed to be 

exerted only on intact cells. The possible existence of two types of 

cells in rat adrenal sections incubated in vitro had previously been 

suggested by Halkerston and co-workers (1968). On type (intact cells) 

was believed to respond to ACTH and cyclic AMP while the others con­

tained damaged cells with altered permeability and enzymatic properties. 

The damaged cells were envisioned as being responsive to glucose-6- 

phosphate pluB NADF but not to ACTH and cyclic AMF.
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The sectioning of adrenal tissue and its subsequent incubation 

in vitro would thus appear to damage at least some of the adrenal tissue 

thereby altering its biosynthetic capacilities and response to various 
agents.

(2) Limitations arising from the static nature 

of the incubation 

certain limitations of the _in vitro incubation technique arise 

from its static nature, i.e., the incubation of tissue without change 

of medium for fixed periods of time. In such a closed system, nutrients 

utilised by the tissue are not replaced and the products of biosynthetic 

pathways are not removed and remain in the medium. In this respect, 

the most obvious disadvantages arei (1) by remaining in the medium, 

the product(s) of biosynthetic pathway(s) being studies can alter 

reaction rates; inhibition of biosynthetic reactions may occur. (2) 

Biosynthetic products, which would normally be removed from the tissue 

in vivo accumulate in the incubation medium and could be further 

metabolized by the tissue, thereby giving rise to "abnormal" end 

products, i.e., products that would not have been synthetized _in vivo 

(Orti et al, 1965).

A serious disadvantage of ^n vitro incubation techniques is 

that they are restricted to measuring steroid output for fixed or 

definite time intervals; temporal aspects of horrent output are 

difficult to study. Several approaches can and have been used in an 

attempt to more fully appreciate the temporal aspects _in vitro. These 

approaches and their limitations have been discussed (Saffran et al, 

1967). One can sample the incubation medium from the same flask at 

mary time intervals. The obvious disadvantage here is that each sample
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removed will decrease the volume of the incubation medium. One can 

also incubate several flasks, each for a different period of time.

In this case, hormone output for each point in time is determined by 

a different tissue sample. Birmingham and co-workers (1968) have 

overcome these objections by completely changing the incubation medium 

every 2 hours, A technique has also been described in which adrenal 

glands are transferred to fresh medium every 3 minutes. The transfer 

reportedly takes 10 to 15 seconds (Margoulies et al, 1970). Periodic 

changes of the entire incubation medium satisfies the objections in­

herent in frequent sampling of the medium and in using different 

tissue samples for each point in time, but the tissue is still 

exposed to an increasing accumulation of tissue products.

The technique of adrenal superfusion described by several 

laboratories (Orti et al, 1965* Tait et al, 1967; Saffran et al, 1967; 

Schulster et al, 1970; Huibregtse and Ungar, 1970) overcomes most of 

the difficulties inherent in using a closed (static) system _in vitro. 

In superfusion systems, small organs or tissue sections are incubated 

in vessels through which nutrient medium is allcwed to flea* in and 

out. The tissues are believed to be thin enough to exchange respira­

tory gases and nutrients with the incubating medium which is contin­

uously being replaced. The tissue can be exposed to stinulatory and 

inhibitory agents continuously, or for fixed periods of time. The 

volume of the incubation medium remains unchanged for the duration of 

a superfusion experiment; the same tissue sample is used for measure­

ments taken at each point in time and tissue products are removed 

from the medium at a constant rate. Hence it would appear that the 

superfusion technique eliminates most of the disadvantages which
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stem (arise) from the static nature of the _in vitro technique.

(3) Sensitivity to ACTH in vitro

Rat adrenal sections incubated _in vitro retain the ability to 

respond to ACTH but require aaiounta of the trophic hormone which far 

exceed amounts known to be effective jjn vivo. The rat adrenal responds 

to as little as 0,06 rnU of ACTH when injected into the whole animal 

(Liddle et al, 1962), while rat adrenal slices _in vitro require at 

least 1 mU ACTH/ml for a response (Saffran and Schally, 1955). Super­

fused rat adrenal bisects required 0,6 mU ACTH/ml at a flow rate of 

about 45 ml medium/hour (i.e. the adrenal tissue is exposed to 27 mU 

ACTH over a one hour period) in order to stimulate steroidogenesis 

(Schulster et al, 1970).

The steroid production rate _in vitro in response to ACTH is 

usually 5 to 10 times less than that obseTvad in vivoI 10 to 60 pg 

corticosterone/adrenal/hour in vivo compared to 1,4 to 3.3 pg when 

adrenal bisects are superfused JLn vitro (Cade and Perenich, I965j 

Harding and Nelson, 1964j Tait et al, 1970). The reason(s) for this 

relative insensitivity to ACTH j_n vitro is not established but has 

been discussed in detail (Kloppenberg et al, 1968j Richardson and 

Schulster, 1972).

The devlopment of techniques for isolating rat adranal cells 

and the subsequent finding that they are extremely sensitive to ACTH 

has suggested possible explanations for the relative insensitivity of 

adrenal sections to ACTH (Kloppenberg et al, 1968j Sayers et al, 197lj 

Richardson and Schulster, 1972). For example, Sayers and co-workers 

(1971) prepare suspensions of isolated rat adrenal cells by means of 

tryptic digestion and mechanical agitation. When these isolated cells
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are incubated _Ln vitro they can respond to one-tenth of a microunit 

(one picogram) of ACTH (minimum effective dose), by increasing their 

production of corticosterone.

It has been suggested that the insensitivity of adrenal sections 

to ACTH may be due to the fact that relatively few of its cells are in 

contact with the incubation medium, whereas in cell suspensions most 

of the cells are in contact with the medium. The ACTH molecules may 

be able to gain access to only a small percentage of their target sites 

(Kloppenberg et al, 1968| Richardson and Schulster, 1972).

Adrenal sections _in vitro appear to be unable to eliminate 

corticosterone after stimulation with ACTH, High concentrations of 

corticosterone accumulate in the gland and can inhibit protein 

synthesis (Clayman et al, 1970). Hence, the comparative insensitivity 

of the adrenal section to ACTH could be due to an inability of the 

tissue to clear itself of biosynthetic products (Richardson and 

Schulster, 1972).

Another possible explanation for the difference in sensitivity 

to ACTH between adrenal cell suspension and sections might have to do 

with the removal of the endogenous ACTH stimulus i.e., the ACTH bound 

to the gland as a result of secretion Jn vivo. Preparation of iso­

lated adrenal cells involves the use of proteolytic enzymes which 

could destroy any ACTH bound to the gland. This would not be the case 

with adrenal sections which might still be under the influence of the 

endogenous ACTH. This possible difference between the two preparations 

has been suggested by Richardson and Schulster (1972), They have also 

pointed out that the maximum levels of stimulation axe similar for cell 

suspensions and for superfused adrenal bisects. Maximum levels of
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corticosterone ere 1.0 to 3,5 pg/adrenal/hour for cell suspensions 

and 1,4 to 3.3 pg for the superfused tissue. The difference In 

sensitivity to ACTH between the two preparations arises from the fact 

that basal levels of steroid production are much lower in the isolated 

cell suspension. This leads to a stimulation in corticosterone output 

of 100 fold or more upon addition of ACTH, The lower basal levels of 

production In the isolated cell system may be due to the removal of 

endogenous ACTH by proteolytic digestion during preparation of the 

dispersed cells. It is also possible that the proteolytic enzyme 

alters the cell membrane in such a way as to maKe the ACTH target site 

more accessible to the trophic hormone.

The relative insensitivity of _in vitro incubated adrenal sect- 

tlons to ACTH could also be due to lack of some factor normally pre­

sent _in vivo but absent in the incubation medium.

C. Adrenal perfusion

Techniques have been described which permit the "in situ” 

perfusion with either blood or physiological salt solutions, of the 

adrenal gland of the dog (Vogt, 1951; Hilton et al, 1958; Urquhart, 

1965), of the cat (Feldberg, 1940; Douglas and Rubin, 1961) and of 

the rat (Cession-Fossion, 1964a). Methods have also been developed 

for perfusing the adrenal glands from slaughtered cattle (Hechter 

et al, 1953; Hechter and Plncus, 1954),

In stoat of the investigations, the goal has been to closely 

approximate the vivo conditions. Vogt (1951) perfused dog adrenals 

with heparlnized blood derived from the same animal; the natural 

circulation to the gland was maintained until the start of the 

perfusion and in general, the experimental conditions could be
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described at "close to physiologic". The rate of carticoid output 

from perfused glands compared well with Vogt's values in vivo O d re- 

nal vein cannulation). The technique, in spite of sane problems 

inherent in all adrenal perfusions (to be discussed below), would 

appear to permit one to study the adrenal cortex under "near physiol­

ogical conditions".

Adrenal perfusion has also been undertaken with a different 

objective. The perfusion of beef adrenals by Hechter and co-workers 

(Hechter et al, 1951) 1953j Hechter and Fincus, 1954) had as its main 

goal the elucidation of the enzymatic conversions involved in the 

production of corticosteroids, and led to the first biochemical reac­

tion sequence of corticosteroid biosynthesis. The conditions for 

perfusion, i.e. perfusion pressures, perfusion media, whether to 

perfuse through an artery or vein and other factors were chosen with 

one consideration in mind) that of "the influence of these variables 

upon the rate of the JLn vitro reaction under investigation" (Hechter 

et al, 1951), The question of whether the perfusion method was 

"physiological" or not was of little consequence. For example, Hechter 

and co-workers (1953) found that in their hands, perfusion of lacerated 

beef adrenals by means of gravity flow through the adrenal vein 

(retrograde perfusion) were the best conditions for studying the bio­

conversion of deoxycorticosterone to corticosterone.

Implicit in this approach was the clear realization that data 

obtained under such abnormal conditions could only reveal reactions 

which may occur _in vivo but makes no statement as to their importance 

under physiological conditions. They (Hechter et al, 1951) felt that 

even the best perfusion conditions would be unable to exactly mimic
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physiological conditions and hence used adrenal perfusion as a tool “to 

study steroid metabolism, wherein substrates in perfusion media are 

presented through vascular channels to surviving enzyme systems present 

in cells** (Hechter et al, 1951), No siatter what ones primary objective 

is in studying a particular organ, the ultimate goal is of course to 

gain greater understanding of events which occur _ln vivo. Regardless 

of what the purpose is for undertaking adrenal perfusion, the technique 

possesses important attributes as well as certain problems Inherent in 

organ perfusion.

The most obvious advantage of perfusion techniques is that 

vascular channels remain relatively Intact thereby enabling one to 

provide oxygen and nutrients (e.g., glucose) to the adrenal gland in 

a manner similar to that which exists _in vivo. The effects of stimu­

latory and inhibitory agents can also be studied by presenting them 

to the gland via its circulation. The perfusion technique also retains 

one of the most important advantages of classical in vitro adrenal 

(slices or bisects) incubation techniques, that of being able to 

isolate the gland and thereby eliminate the complicated interactions 

that occur between organs _in vivo. Elimination of the many factors 

which undoubtedly influence adrenal function _in vivo could also be 

disadvantageous since it may create a functional state which differs 

markedly from that existing Jri vivo.

In classical _in vitro studies, (adrenal slices, bisects etc), 

only adrenal production for a given time period can be measured.

With adrenal perfusion, sampling takes place without interruption of 

the inflation and for this reason is ideally suited to studies of 

the dynamic aspects of stimulation and response, i.e., one can deter-
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nine the duration of stimulatory or inhibitory effects.

The need to compare the behavior of two adrenal glands (or two 

groups of glands) to particular stimulatory or inhibitory agents can be 

avoided with adrenal perfusion. The technique often permits one to use 

a single adrenal gland as its own control in a stimulation experiment. 

One can also test the effect of two or more doses of a particular 

agent on a single adrenal gland.

Like other approaches to the study of endocrine tissues, adre­

nal perfusion is beset with ixperimental difficulties. One problem 

arises from exposure of the gland to the stimulatory effects of un­

known amounts of endogenous ACTH, Perfusion with ACTH-free solutions 

or with blood drawn from hypophysectomized rather than Intact animals 

would provide an ACTH-free medium to which known amounts of ACTH could 

be added. It has previously been pointed out (Hechter and Pincus,

1956) that even when perfused with an ACTH-free medium, an adrenal 

gland from an intact animal could still be under the influence of 

ACTH, The surgical preparation of an adrenal for perfusion probably 

stimulates the release of unknown amounts of ACTH from the animal's 

pituitary. It is possible that this ACTH is fixed or retained by the 

gland or that it triggers stimulatory effects which last long after 

the ACTH is no longer present. Saffran and Bayliss (1953) have shown 

that the ACTH effect persists in rat adrenal tissue incubated in vitro 

following withdrawal of the ACTH, Hence, adrenal glands from intact 

animals even when perfused with ACTH-free media would still be sub­

jected to the stimulatory effects of unknown quantities of endogenous 

ACTH; the influence of which would be difficult to assess.
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In an Introductory lecture to a symposium entitled, *'In vitro 

versus In vivo**. Bush (1968) criticized certain aspects of perfusion 

studies and discussed some of tiie experimental difficulties encountered 

when using this technique. The following is a summary of the more 

important points made in this lecturei (1) Heparin is usually used 

in perfusion studies to prevent clotting and or release of vasoactive 

substances. The functions of heparin are poorly understood in mammals 

and it is possible that it may exert unexpected or adverse effects in 

perfusion studies. (2) In most published perfusion studies no 

reported attempts are made to preserve a normal flow of lymph. The 

tying of arterial and venous cannulae in place plus ligatures used to 

prevent leakage usually result in blockage of most of the lymphatics 

which normally lie in these areas. Interference with lymphatic drain­

age leads to edema and can cause a decrease or complete block of 

perfusate fl«*. (3) The surgical procedure and the placing of

ligatures can cause injury to sympathetic nerves supplying the 

perfused organ. Injury to these nerves can affect cellular function 

directly or indirectly via release of catacholamines, with con­

comitant vasoconstriction. (4) The anesthetic used during the 

surgical procedure can stimulate the sympathetic nervous system 

(volatile anesthetics) or depress it (barbiturates).

It is apparent that the performance of an Isolated perfused 

organ is subject to deficiencies when compared with its counterpart 

in the conscious animal. Whether it is technically possible to over­

come the experimental difficulties discussed above is an open question. 

Hence, when describing the performance of a perfused organ, the terms 

"physiologic" and "normal" should be used with caution. In spite of
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the experimental difficulties involved, such valuable information 

concerning the physiology and biochemistry of the adrenal cortex has 

been obtained using the technique of adrenal perfusion (see Vogt, 

1951; Hechter and Pincus, 1954; Urquhart, 1965; Urquhart and Li,

1968; Rubin et al, 1972).
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FBJELIMIHABY STUDIES

I. General anatomy

The anatomy of the a r u  in question was thoroughly studied 

before any attempt was made to surgically isolate the circulation co 

a single adrenal gland. Figure 3 illustrates the significant anato­

mical relationships of the kidneys, the adrenal glands and the major 

blood vessels. The right adrenal gland is situated anterior to and 

slightly medial to the right kidney and lies close to the vena cava. 

All the aforementioned structures are dorsal to and covered by the 

liver. A single short vein drains the gland and empties directly 

into the vena cava. The location of the right adrenal gland under 

the liver, plus its close proximity to the vena cava makes surgical 

manipulation in the area extremely difficult. For these reasons it 

was decided early in this study to perfuse the left adrenal.

The left adrenal is located 4 - 7 ■  anterior to. and slightly 

medial to the left kidney. It is enveloped by the perirenal fat.

A single adrenal vein (8 - 10 mm in length) leaves the infero— dial 

surface of the gland and empties into the left renal vein. The renal 

vein is approximately 10 - 16 mm In length and 1.5 - 2.5 n* in diam­

eter, The point of entry of the adrenal vein into the renal vein is 

usually about 3 - 6 mm from the entry of the latter into the vena 

cava (figure AA). Occasionally the adrenal vein emptied into the 

renal vein just at its point of junction with the vena cava (figure 

AD). When this situation occurred, the surgical procedure was modi­

fied as described below under surgical technique. The adrenal vein 

is joined by one or two slightly smaller veins which are branches of
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Figure 3.

Key 
R.A.C, 
S* A* A* 
I.A.A. 
I.P.V. 
L, R, A,
l .r .v .
S.A.V.
I.L.V.
L.A.V.
C.A.
S.M.A.
(x)

Ventral view of the kidneys and 
adrenal region showing the relations 
of the major vessels.

Right Adrenal Gland
Superior Adrenal Arteries
Inferior Adrenal Artery
Branches of Inferior Phrenic Vein
Left Renal Artery
Left Renal Vein
Spermatic Arteries and Veins
Left Iliolumbar Artery and Vein
Left Adrenal Vein
Coeliac Artery
Superior Mesenteric Artery
numerous small veins which drain the 
fat pad and empty into left adrenal 
vein
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S.A.A
R.A.G

C.A
LEFT ADRENAL 

GLAND

S.M.A
L.n.v.

LEFTKIDNEY

S.A.V

FIGURE 3
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Figure UA. Point of entry of the adrenal 

vein Into the left renal vein 

ae observed In most animals studied.

Figure 4B, Point of entry of the adrenal 

vein into the left renal vein 

at the renal vein's point of 

Junction with the vena cava 

(an infrequent variation).

L.A.V. Left Adrenal Vein

L.R.V. Left Renal Vein
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FIGURE 4-B
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the left inferior phrenic rein. Many extremely •■•11 veins coming 

from the perirenal fet eleo join the adrenal vein (see figure 3,

I.P.V.and (x) ).

The aorta gives rise to a right and left spermatic artery just 

below the left renal vein. The right speraatic vein eaptiea into the 

vena cava while the left speraatic vein enters the left renal vein 

approximately 3 - 5 mn froa the junction of the latter with the vena 

cava.

II. The arterial blood supply to adrenal glands in the rat.

A. Previous descriptions

The arterial circulation to the adrenal glands of the Eutherla 

has been extensively studied. The adrenal blood supply has been de­

scribed in the dog (Flint, 1900), in the cat (Bennett and Kilhan, 

1940), in rats, rabbits and cats (Harrison, 1951) and in man (Anson 

et al, 1947). A detailed description of the gross anatomy of the 

adrenal circulation in these species was summarized and published as 

a monograph in 1960 (Harrison and Hoey, 1960). A uniform feature of 

the adrenal vascularization of all mammals studied is a multiplicity 

of arteries whereas there is usually one vein, (or at the most three) 

draining each adrenal (Harrison and Hoey, 1960). The arterial blood 

supply to the adrenals of the albino rat, according to the published 

description, is derived from a number of arteries which arborize 

extensively near the glands. The arteries are of very fine calibrei 

many cannot be seen with the naked eye. Two main arterial branches 

arise from the aorta and supply the left adrenal gland (figure 3).

The more superior branch supplies the cephalic aspect of the gland 

while the other branch vascularized the more medial aspect. The left
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renal artery provides an Inconetant adrenal artery to the Inferior 

pole of the gland. A similar arterial eupply ie provided to the right 

adrenal gland.

A somewhat different description of the arterial circulation can 

be found in Greene*s treatise on the anatomy of the rat (1968). In 

this work, the left inferior phrenic artery (a branch of the aorta) is

described as giving rise to a single suprarenal branch which presum­

ably supplies the cephalic and medial aspects of the gland. A branch 

of the renal artery gives a branch to the inferior aspect of the 

gland. These descriptions of the gland's arterial supply left several 

unanswered questions! (l) How many arterial branches actually supply 

the adrenal and what is their distribution? (2) Does the left renal 

artery contribute to the vascularization of the adrenal? (3) Are 

there any strain differences in the adrenal circulation between the 

albino rat from which the above descriptions come and the Long Evans 

rat used in the present study? Since this thesis deals with the 

surgical isolation of the circulation to a single adrenal gland, and 

its subsequent perfusion, it was deemed necessary to study the blood 

supply in more detail.

B. Perfusion of blood vessels for visualization.

Twelve male Long Evans hooded rats, bred in our colony and

weighing 325 to 500 grams were used in this part of the study. Anes­

thesia was achieved by intraperltoneal adnlnlstration of sodium 

pentobarbital (Diabutal, Diamond Labs., Des Moines, Iowa) at a dose 

of 6 mg per 100 grams of body eight. In order to remove the gastro­

intestinal tract from the general arterial circulation, the coellac 

axis and the Inferior and superior mesenteric arteries were ligated.
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The circulation to the right adrenal gland was ligated as were the 

spermatic arteries and veins of both sides. Next the right and left 

renal arteries and veins were ligated at the hilus and 3000 units of 

heparin (Llquaemin Sodium "SO". Organon. Inc.. West Orange. N.J.) 

were injected into a superficial leg vein. Sufficient time (5 min­

utes) was allowed for the heparin to circulate throughout the animal. 

The thoracic cavity was then opened and the arterial cannula 

(Intramedlc Polyethylene Catheters, PE 190, Clay Adams) attached to 

a peristaltic pump was inserted into the aorta, advanced downward to 

a point Just above the level of the diaphragm and tied into place at 

this point. Oxygenated Krebs ginger bicarbonate glucose (KRBG) at 

38°C flawed through the cannula during its Insertion into the thoracic 

aorta. Surgical threads that had been previously placed around the 

aorta below the renal arteries and around the left renal vein at its 

entry into the vena cava were tied imsediately after the start of the 

perfusion. Drainage was accomplished by cutting the left renal vein 

right after the start of the perfusion. The pump was set to give a 

flew rate of about 6.0 ml/hour. Perfusion with KRBG was continued 

for twenty minutes followed by perfusion with a 251 suspension of 

barium sulfate made up in Krebs Ringer bicarbonate glucose buffer 

(uitrapaque A, barium sulfate U.S.P., Bell-Craig, Inc., N.Y.C.). 

Perfusion with BaSO^ was continued until the arteries could be clearly 

visualized as white strands. The arterial cannula was removed and the 

aorta ligated to prevent loahage of the The animal was then

completely immersed in 101 formalin and stored this way for a period 

of at least 12 hours. After this treatment the vessels can be 

dissected more easily, since the BaSO^ hardens and does not diffuse
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out of the vessels. Dissection of the adrenal arteries was performed 

using a binocular dissecting microscope.

The above procedure with minor variations is essentially the 

same as the one previously described by Harrison and Hoey (1960) for 

the examination of gross adrenal arterial blood supply in rats, rabbits, 

cats and monkeys. According to these workers, when BaSO;, is injected 

or perfused into a major artery, it penetrates the finest branches of 

the arterial system but because of its particle size does not pene­

trate capillaries. The present study is in agreement with this observ­

ation. in the 12 rats studied, the BaSU/4 was never observed in the 

venous system.

c. The blood supply of the left adrenal gland of the 

Long Evans rat

The left adrenal gland receives two main arterial branches from 

the ventral aspect of the aorta. These are illustrated in figure 3 

and referred to as the superior adrenal arteries. The more cranial 

of the arteries sends a branch to the diaphragm - it then splits into 

two branches, supplying the lateral and the medial portion of the 

cephalic aspect of the gland. The second arterial branch arising 

from the aorta supplies the medial aspect of the gland. The superior 

adrenal arteries were present in all animals studied although their 

points of origin from the aorta varied from animal to animal. In 

four out of the twelve animals studied, the left renal artery gave 

rise to a branch, the inferior adrenal artery, which supplied the 

inferior aspect of the gland. The venous drainage was the same in all 

animals studied} a single major vein left the inferior surface of the
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gland and emptied into the left renal vein. When an Inferior adrenal 

artery was present, it adhered to and traveled with the adrenal vein.
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MATERIALS AND METHODS

I. Perfusion of the adrenal gland

A. Surgical technique

Male hooded Long Evans rats purchased from a commercial source 

(Carworth, New City, N.Y. and Blue Spruce Farms, Altamont, N.Y.) or 

bred in our animal facilities were used in all of these studies. The 

strain of rat was chosen because it is believed to be physiologically 

more robust and healthier than the albino rat (Weisbroth, 1969). In 

my hands the Long Evans rat was better able to survive the surgical 

procedure than albino rats.

Animals weighing 300 to 630 grains were anesthetized by intra- 

peritoneal injection of sodium pentobarbital (6 mg/100 gra. body weight) 

or urethane (200 mg/lG0 gra,). When the surgical procedure was carried 

out under urethane anesthesia, the animals' respiratory rate was more 

regular than under pentobarbital. All urethane-anesthetized animals 

survived the surgery but pento-barbital-anesthetized rats often did 

not. Most of the studies were performed on urethane-anesthetized 

animals.

Most of the surgery was performed with the aid of a 2,5 times 

magnifying loupe (Binoc-Loupe, Clay Adams). An adjustable loupe 

(Lempert-Storz Loupe, Storz Instrument Co., St. Louis, Mo.) having mag­

nification from 3 to 6 p w e r  was employed to check for damage and for 

some of the more delicate surgery. Most ligatures and all surgical loops 

were made with silk suturing material (Ethicon Surgical Silk, Ethicon 

Inc., Somerville, N.J.). Size 3 - 0  was used for most ligatures but 

6 - 0  was required for smaller blood vessels such as the branches of
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the inferior phrenic vein and other email veins which empty into the 

adrenal vein. Small surgical clips (Hamocllpa Edw, Week & Co., Long 

Island City, N.Y.) were used to ligate blood vessels that could not be 

manipulated with suturing material.

Cl) Standard procedure (protocol)

In order to facilitate breathing, a tracheotomy was performed 

by inserting a polyethylene tube (Adams Intramedic PE 260, I,D.,

.070", O.D., .110") into the trachea. A midline incision was made

through the ventral body wall and peritoneum. Lateral incisions were 

made on each side at the level of the kidneys. The gastrointestinal 

tract was reflected to the right in order to view the left adrenal 

gland and its associated blood vessels. The viscera were kept moist 

with warm saline and manipulated with moist gauze pads. An incandes­

cent lamp was used to keep the animal warm.

With the aid of the Storz loupe, the area of the left adrenal 

gland, its blood vessels and the left renal vein was carefully 

examined in order to (1) assure that the anatomy of the area conformed 

with the expected pattern and (2) to look for possible superficial 

damage to the gland. Occasionally the gland had one or more blemishes 

or darkened spots which were visible on its surface. These were inter­

preted as being small areas of vasoconstriction which were present 

in vivo before the start of the surgery, or as having resulted from 

the stress involved in administering the anesthetic. The blemishes 

did not always persist but when they did, the animal was discarded. 

Manipulation of the area cephalad to the left kidney was kept at a 

minimum in order to avoid trauma or damage to the adrenal and its 

associated blood vessels.
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The arteries supplying the right adrenal gland and the single 

vein that drains It were ligated next. These arteries arborise exten­

sively in the fat pad Just anterior to the gland. Ligation was accoo- 

plished by surrounding the gland with sutures or hemocllps as shown in 

figure 5A. The right adrenal vein was then tied at its exit from the 

gland (figure 5B). The gland when deprived of its blood supply darkens 

immediately. It is important to completely cut off the blood supply 

to the right adrenal in order to avoid its perfusion. In some studies, 

the right adrenal was then surgically removed and incubated în vitro.

Next, the animal was eviscerated by ligating and cutting the 

following structures in sequential ordert the inferior mesenteric 

artery, the rectum, the superior mesenteric and coeliac arteries, the 

upper end of theesophagus and the portal vein and bile duct. Removal 

of the entire gastrointestinal tract provided easy access to the left 

adrenal and its associated blood vessels. The surgical manipulations 

which followed evisceration involved the careful dissection and 

separation of certain blood vessels from their surrounding structures 

(i.e., connective tissue and other blood vessels), the placing of 

loose ties around some of these, and the immediate ligation of others. 

The aim was to surgically isolate the arterial and venous circulation 

to the left adrenal. When this was accomplished, the aorta and left 

renal vein were cannulated to serve as perfusate inflow and outflow 

channels respectively. Placement of loose ties around blood vessels 

and the designation of blood vessels to be ligated a^e shown in 

figure 5A. A detailed description of these manipulations follows.

Several branches of the inferior phrenic vein (figure 5C) which 

empty into the left adrenal vein were carefully ligated to avoid
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Figure 5. Ventral view of adrenal region showing 

placement of loose ties and blood vessels 

to be ligated.
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disturbing the arterial circulation to the gland. Failure to secure­

ly ligate these veins can result in Inadequate adrenal perfusion as 

well as extra-adrenal flow into the venous effluent to be collected. 

The Importance of ligating these veins and others which empty into 

the adrenal vein will be discussed belcar. The spermatic artery and 

vein of each side (figure 5D) were tied off next. Loose ties were 

then placed around the following blood vesselst

(1) The aorta Just below the point where it gives rise 

to the left renal artery (figure 5L),

(2) The right renal artery and vein at the hilus (figure 5F).

(3) The left renal artery and veir. at the hilus (figure 5G),

(4) The left renal vein at its entry into the vena cava 

(figure 511).

(5) The vena cava above the point of entry of the left renal 

vein (figure 51).

(6 ) The vena cava just below the point where it enters the 

liver (figure 5J).

(7) The left renal vein about halfway between its exit from 

the Kidney and its entry into the vena cava (figure 5K), 

This tie is later used to hold the venous cannula in place, 

and must go only around the renal vein, after separation 

from the accompanying renal artery.

In some animals, as mentioned above, the renal artery sends a 

branch to the inferior aspect of the left adrenal gland. Hence, 

occlusion of the renal artery at this point could prevent adequate 

perfusion of the inferior aspect of the gland. Ties 1 through 6 

(above) are ligated later in the procedure.
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Fins *uturss or surgical clips ware Chen used Co ligate Che 

numerous small veins which empty, both medially and laterally, into 

the adrenal vein (figure 5L). The renal arteries and veins of each 

side (ties 2 S. 3 above, figure 5F & G) were tied off at the hilus.

The animal was Chen heparinized by slow injection into the left ilio­

lumbar vein of 3000 units of heparin (Sodium heparin injection, Ivenex 

Pharmaceuticals, San FTansisco, Calif.) dissolved in 1.0 ml of physio­

logical saline. The heparin reaches the general circulation via the 

vena cava. Sufficient time (5 minutes) was allowed for the heparin 

to circulate throughout the animal.

Next, the thoracic cavity was opened and the arterial cannula 

(Adams Intramedlc Catheter, PF 190, I.D.,.067", O.D., .067” ) with 

perfusate flowing through it (Oxygenated Krebs Ringer bicarbonate 

glucose at 3S°C) and attached to a peristaltic pump (Sigmamotor AL-4E, 

Sigmamotor Inc., Mlddleport, N.Y.) was inserted into the thoracic 

aorta and guided downward to a point 1 - 2 cm below the diaphragm's 

attachment to the dorsal body wall. When the gland was observed to 

completely whiten, the cannula was tied into place at this point.

This whitening usually occurred within 60 seconds after interruption 

of the arterial circulation and apparently represents a complete 

washout of blood remaining in the gland. Flow rate was set at a 

level which effected washout within 60 seconds after Insertion of the 

cannula. The pump flow rate was then decreased by about 25Z and the 

aorta ligated below the left renal artery (tie 1 above, figure 5E).

The left renal vein was then tied off at its entry into the vena cava 

(tie 4 above, figure 5H). Adrenal venous effluent now accumulated in 

the renal vein which could no longer empty its contents into the vena
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cava. As a result of this the renal vein becomes distended. It was 

then cut and the venous cannula inserted CPE 160, I.D,, .045", O.D., 

.062" to PE 240, I.D., .066", O.D., .095", depending on the diameter 

of the renal vein). The bevel of the cannula was always positioned so 

that it faced towards the entrance of the adrenal vein (figure 6A).

The cannula was tied into place within the renal vein (tie 7 above, 

figure 5K.), when adequate perfusion was attained. Sometimes it was 

necessary to increase the pump flow rate at this point.

Occasionally the adrenal vein emptied into the renal vein at 

its point of Junction with the vena cava (figure 6B), When this 

occurred it was not possible to ligate the renal vein at its entry 

into the vena cava without obstructing the flow within the adrenal 

vein. The surgical procedure was then adapted to the situation in 

the following way* loose ties (ties H and I, figure 6B), were 

previously placed around the vena cava above (tie 1) and below (tie H) 

the entry point of the renal vein. Another tie (tie X, figure 6B) was 

placed between ties H and 1, dorsal to the vena cava and fixed secure­

ly in place to prevent flow from any veins (such as the lumbars) which 

might empty dorsally into the vena cava at this point. Veins empty­

ing into the vena cava at this point and remaining patent would 

result in contamination of the adrenal venous effluent. The vena 

cava was then ligated, first with tie H and then with tie I. The 

renal vein was cut, the venous cannula inserted, positioned and tied 

in place so that Its bevel faced toward the entrance of the adrenal 

vein as shown in figure 6B.

After cannulation of the renal vein, the vena cava was ligated 

at two points with ties J and 1 (figure 5). This must be done in
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Figure 6. Position of venous cannulas and 

arrangement of sutures for the 

two possible points of entry of 

the adrenal vein into the left 

renal vein.

Figure 6A. Arrangement as observed in most 

animals studied.

Figure 6B. Arrangement used when adrenal vein 

empties into the renal vein at its 

point of junction with the vena cava.

L.A.V. Left Adrenal Vein

L.R.V, Left Renal Vein



- 84 -

FIGURE 6A

H ><

FIGURE 6B
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order to prevent flow of perfusate within the vena cava. In the early 

studies it was observed that perfusate flowed into the vena cava via 

lumbar veins which drain the dorsal musculature. Perfusate gains 

access to the dorsal nusculature via lumbar arteries which leave the 

aorta from its dorsal aspect. 1 have never been able to ligate the 

lumbar arteries without inflicting damage to the adrenal and its 

circulation. It is thus not possible to prevent perfusate from leak­

ing into the dorsal musculature and from there Into the lumbar veins 

which empty into the vena cava at several points between ties J and I. 

If the vena cava is not ligated at these two points then perfusate 

will flow throughout its length, and can gain access to the liver via 

backflow through hepatic veins which empty into the vena cava within 

the liver. Ligation of the vena cava creates a dead space which 

rapidly fills with perfusate. Once filled with perfusate, the dead 

space Is believed to act as a counter pressure to incoming perfusate 

and in this way prevents further flaw of perfusate into this area or 

at least keeps this flaw at bare minisum.

Perfusate flcwing into the abdominal aorta gains access to the 

adrenal through the adrenal arteries. The venous effluent passes 

from the adrenal vein into the cannula in the renal vein. Plow of 

perfusate is shown In figure 7.

The gland was then covered with a gauze pad which was periodic­

ally moistened with saline and warmed by an incandescent bulb. The 

animal was placed on a slanted board to facilitate the flew of venous 

effluent. The entire procedure (see Summary of Surgical Techniques, 

pages 88 and 89 ). from lntraperitoneal administration of the

anesthetic to collection of the first sample, is completed within
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figure 7. Ventral view of adrenal region 

showing ligated blood vessels 

and flow of perfusate.



- 87 -

OUTFLOW
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50 to SO minutes.

(2) Summary of surgical technique

A. Xntraperitoneal injection of anesthesia.

B. Tracheotosgy.

C. Ligation of right adrenal arteries and vein.

D. Evisceration,

E. Ligation of inferior phrenic vein branches

which empty into left adrenal vein,

F. Ligation of spermatic blood vessels.

G. Placing loose ties aroundt

(1) Aorta just below the left renal artery,

(2) Right renal artery and vein at hilus.

(3) Left renal artery and vein at hilus.

(4) Left renal vein at entry into vena cava,

(5) Vena cava just above left renal vein.

(6 ) Vena cava Just below point of entry into liver.

(7) Left renal vein between kidney and vena cava.

Cl) through (6 ) to be ligated later in procedure.

(7) will be used to hold venous cannula in place.

H. Ligation of small veins emptying into adrenal vein.

I. Ligation of ties C2) and (3) above.

J. Injection of 3000 units of heparin into left 

iliolumbar vein, 

k. Insertion of arterial cannula

(1) Opening of thoracic cavity,

(2) Insertion of cannula into thoracic aorta.
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(3) Guiding of cannula to a point below diaphragm'* 

attachment to doraal body wall.

(A) Tying cannula in place when adrenal completely 

whitens.

L. Lowering flow rate by 25X followed by ligation of 

tie (1) above.

M. Ligation of tie (4) above, followed by insertion of 

cannula into the renal vein. Tying cannula into 

place when perfusate flows through it.

N. Ligation of ties (5) and (6) above.

0. Placing animal on slanted board,

P, Covering adrenal with moistened gauze pad warmed 

by incandescent bulb.

Q, Collection of first sample started.

(3) Adrenal vein cannulation 

Collection of adrenal venous effluent from the perfused adrenal

can also be accomplished by direct cannulation of the adrenal vein.

This is feasible only if the left renal artery and vein are far enough 

apart or can be separated so that a loose tie can be placed around the 

adrenal vein just at its Junction with the left renal vein (tie X, 

figure 8). If this can be done, then a piece of polyethylene tubing

(PE 10. I.D., .011", O.D.. .024" or PE 20, 1.1)., .015", O.D., .043"

depending on the diameter of the adrenal vein) with a beveled edge can 

be inserted into the adrenal vein. The procedure followed was the 

same as that described above under standard procedure, except that 

once perfusate flowed dawn the aorta, the adrenal vein rather than the 

renal vein was cannulated. First tie K (figure 8) was ligated



Figure 8. Position of venous cannula and

arrangement of sutures for direct

cannulation of the adrenal vein.

L.R.V. Left Renal Vein

L.R.A. Left Kenal Artery

I.A.A. Inferior Adrenal Artery

L.A.V. Left Adrenal Vein



- 91 -

V
E
N

< z

ricunn «



- 92 -

followed by tie H and the renal vein cut Just below the entry of the 

adrenal vein. The venous cannula CPE 10 or 20) was inserted into the 

adrenal vein through the cut in the renal vein and advanced upward to 

a point several millimeters below the adrenal gland. The cannula was 

tied in place with tie X when perfusate was observed to flow within it. 

After ligation of the vena cava (ties I and J, figure 5), the animal 

was placed on a slanted board so that flew of perfusate down the 

venous cannula was not opposed by the force of gravity.

B. Experimental procedure

(1) Preparation of the perfusion medium

Adrenals were perfused at room temperature with bicarbonate- 

buffered Krebs Ringer solution containing 200 mg 2 glucose (KRBG).

The solution was freshly prepared and filtered through a fine 

sintered glass funnel to remove any particles. It has the following 

composition (mM concentration): NaCl, 118} KOI, 4.7| CaCl2, 2.5}

KH2PO4 , 1.2} MgSO^, 1.1} NaH(J0 3 , 25j glucose 11.1. The perfusate was 

continuously oxygenated with a gas mixture of 952 oxygen and 52 

carbon dioxide and had a pH of 7.2 to 7.4.

(2) Flow rate and perfusion pressure

A Sigmamotor peristaltic pump (Model AL-4E) was equipped with 

tygon tubing (I.D., 1/32", O.D., 1/16") which provided flow rates of 

0,035 to 1.2 ml per minute (2.0 to 72 ml per hour). Perfusion flow 

rates were expressed as milliliters of effluent collected per 30 min­

utes, The flow rate was maintained constant for each experiment but 

was observed to vary from animal to animal within a range of 1.0 to 

5.0 ml per hour. This is in accord with the great variability report­

ed for rates of blood flew through the rat adrenal as determined
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experimentally using isotopic methods (Sapirstein and Goldman, 1959* 

Goldman, 1961* Kramer and Sapirstein, 1967) as well as from adrenal 

vein cannulation studies (Bush, 1953a*Porter and Klaiber, 1964* 

Holzbauer et al, 1969). In all of these experiments the pump was 

adjusted so that the rate of collection of adrenal effluent fell 

within the range (1,8 - 6.0 ml/hr) reported in the literature for 

adrenal blood flow rates. Perfusion pressure was found in several 

experiments to lie between 35 and 60 nan Hg.

(3) Collection and handling of samples 

Samples of adrenal venous effluent were collected every 30 min­

utes in ice-cooled 15 ml graduated centrifuge tubes. In some earlier 

studies, 10 minute samples were collected. The volume was recorded, 

the samples centrifuged at 4°C and the supernatant frozen for future 

analysis. The samples were analyzed for corticosterone (B) by acid- 

fluorescence within one week after completion of an experiment.

Outputs were expressed as micrograms of corticosterone per 30 minutes. 

Most perfusions were started between 10:30 and 11:30 A.M. and were 

run for periods of 5 to 6 hours.

C. Additions to the perfusion medium

(1) Adrenocorticotropic hormone 

Synthetic ACTH (/J 1 - 24 Synachten), generously supplied by 

Or. l.J. Chart of the Ciba-Geigy Corporation was used. Stock solu­

tions were prepared in 0,5% bovine serum albumin at pH 3.0 and 

stored in siliconized glass tubes at -4°C, The solutions,which had 

a concentration of 10 units ACTH per ml (10,000 milliunits/ml), were 

thawed out just before being added to the standard perfusate (KBBG) 

to give final concentrations of 10, 100 and 1000 milliunits of ACTH
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per ml KRBG. Glass cubes used to hold ACTH solutions. Dinettes, 

tubing and cannulae, all of which came in contact with the hormone, 

were provided with a silicone coating (Siliclad, Clay Adams Inc., N.Y.) 

to prevent absorption of the polypeptide to glass or other material. 

Adrenals were usually exposed to a given concentration of ACTH for the 

entire duration of the perfusion (5 - 6 hours). In some experiments, 

a 90 minute washout period with unsupplemented KRBG was followed by 

exposure to ACTH for 270 minutes.

(2 ) Dextran

In an attempt to reduce the edema that one frequently encoun­

ters in these perfusions, a series of experiments was carried out in 

which dextran (Clinical Grade, M.W, 60 - 90,000, Nutritional Bio­

chemical Corp., Cleveland, Ohio) was added to the perfusion medium.

Five grams of dextran was dissolved in a total volume of 100 ml of 

previously warmed (38°c) KRBG. The resulting clear, viscous solu­

tion (5Z dextran in KRBG) was then filtered through a fine sintered 

glass funnel,

(3) Aminoglutethimide

Aminoglutethimide, an inhibitor of steroidogenesis (Dexter et 

al, 1967) and freely soluble in aqueous solutions, was dissolved in 

KRBG to give a final concentration of lOOjjg per ml KRBG. 

Aminoglutethimide phosphate (Ellpten Phosphate) was generously 

supplied by Dr. J.J. Chart of the ciba-Ceigy corporation.

(4) Indomethacin

Indonethacin, an inhibitor of prostaglandin biosynthesis (Vane, 

I971j Ferreira et al, 1971* Smith and Lands, 1971) was generously 

supplied by Dr. Carl R. Stevenson of Merck Sharp and Dohme Research
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Laboratories, West Point, Penna. Ten rag of indomethacln was dis­

solved in 5 ml of 952 ethanol to produce a concentration of 2 mg per 

ml. A volume of 0.25 ml of this solution was added to 100 ml of KRBG 

to produce a final concentration of 5 pg  indomethacln per ml KRBG.

This solution was then filtered through a fine sintered glass funnel.

(5) Prostagland ins 

The prostaglandins used in this study (PGE^, PGt'2 and PGFic^) 

were generously supplied by Dr. J.E. Pike of the Upjohn Company, 

Kalamazoo, Michigan. Required amount of these substances were care­

fully weighed out and dissolved in small volumes (0.3 - 0 . 5  ml) of 

952 ethanol. The prostaglandins were then added to indosaethacin- 

containing KRBG solutions (5 JJ g indomethacln/ml KRBG) to produce 

final concentrations of 5 or 10 jug of prostaglandin plus 5yjg 

indomethacln per ml KRBG. Indomethacln was used in an attempt to 

prevent possible endogenous prostaglandin biosynthesis. Adrenals 

were exposed to the prostaglandin-indomettiacin solutions after a 90 

minute washout with unsupplemented KRBG, or for the entire duration 

of a perfusion ( 5 - 6  hours),

11, Hypophy sec tony

In some of the perfusion studies performed on hypophyaectomlzed 

rats, surgically prepared animals were purchased from a commercial 

source (Carworth, New city, N.Y, ). Hypophysectamized male Long Evans 

rats arrived at this laboratory 22 - 2b hours after surgery and were 

immediately set up for adrenal perfusion. Adrenals were perfused 

2b - 26 hours after the animal had undergone hypophysectacqy. In other 

studies, hypophysectomles were performed in this laboratory and 

perfusions were carried out 2 - 3  hours after removal of the pituitary.
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Male Long Evans rats weighing 230 - 350 gm. were anesthetized intra- 

peri tone ally with urethane and an intratracheal cannula was Inserted 

to facilitate breathing, especially during manipulation of the 

trachea. The animals were hypophysectomized by the standard para­

pharyngeal approach originally devised by Smith (1930), The 

operation took 15 minutes to complete. Preparation was begun for 

adrenal perfusion approximately 45 minutes after removal of the 

pituitary. Perfusion was started between 2 and 3 hours after 

completion of the hypophysectomy, The success of the operation was 

determined at the end of the perfusion by removing the calvarium from 

the skull, lifting the brain to expose the pituitary area and looking 

for possible remnants, using a loupe if necessary.

Ill. Fluorcmetrlc assay of corticosterone

A, Assay of adrenal venous effluent

Samples of adrenal venous effluent were assayed for c#rtico- 

sterone (B) by a fluorometric determination which differs only 

slightly from the method furnished by Or, J.W, Kendall, Jr. (Personal 

Communication, 1970). Samples of effluent (0.5 ml) were extracted in 

7.5 ml of methylene chloride, and centrifuged for 3 to 5 minutes at 

1500 - 2000 rpm. The aqueous layer was removed by aspiration and 

discarded. A 5 ml aliquot of the remaining methylene chloride 

extract was transferred to a 12 ml glass-stoppered centrifuge tube 

containing 1,0 ml of the fluorescent reagent (sulfuric acidi ethanol 

3il v/v). The tubes were shaken vigorously for 30 seconds and then 

allowed to stand for 5 minutes. The acid layer was transferred to 

pyrex tubes and the fluorescence intensity read in an Aminoo- 

Bowman spectrofluorometer with activation wavelength at 470 mji and
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emission wavelength at 525 mp. The resulting fluorescence reached 

a maximum Intensity within 15 minutes and was observed to remain 

stable for 60 minutes. Thus, all sajsples were read after 15 minutes 

and before 60 minutes. Corticosterone standards (Steraloids Inc., 

Pawling, N.Y.) of 0.10, 0.25 and 0.50 jig were run through the proce­

dure with each assay. The aqueous working standard solution was 

freshly prepared on the day of the assay, from an ethanollc standard 

stock solution of corticosterone stored at 4°C. Since the major 

corticosteroid secreted by the rat adrenal is corticosterone (Bush, 

1953ai the output of steroid was expressed as ug corticosterone per 

30 minutes.

The flucrometric method is an extremely sensitive assay but is 

subject to interference from fluorescent contaminants often found in 

reagents and in detergents normally employed to wash glassware. For 

this reason, the following precautions were taken:

(1) It was ascertained that the reagents listed below 

were free of substances which interferred with the 

assay and hence substitutes were never used. The 

reagents were used as supplied by the manufacturer.

(A) Methylene Chloride 
Baker-Instra-Analyzed
Gc-Spectrophotometric quality solvent

(B) Concentrated sulfuric acid 
Mallinckrodt analytic reagent

(C) Fthyl alcohol 
I’harmaco
Publicker Industries Inc,

(2) Glassware was washed thoroughly in an acid bath 

(UNO3 i HC1 111) about once every 2 - 3  months.
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After use, glassware was washed with Prell 

(Palmolive Peet & Co.), which Is known not 

to fluoresce under the conditions of the assay.

13, Precision and accuracy of the assay method 

When duplicate dertninations of both corticosterone standards 

and unknown samples of perfusion effluent were assayed simultaneously 

and on different days they gave similar readings. The lower limit of 

corticosterone concentration which ecuid be realiably detected was 

0,02 pg/'T.l, All samples of perfusate (KfiBG) exhibited almost the 

same blank values. Only when the fluorometer readings of unknowns 

were at least 502 or higher than those of the blanks were they con­

sidered to be an accurate measure of the corticosterone content of 

the sample. When corticosterone standards ranging from 0.1 to 2.0 

micrograms were assayed by the procedure, a linear relationship was 

observed between fluorescence intensity and concentration of steroid. 

The time course to reach maximum fluorescent intensity was the same 

for both standards and unknowns,

Corticosterone recovery was determined by assaying samples of 

pooled venous effluent to which knewn amounts of the steroid had been 

added. The values obtained were compared with aliquots of the same 

effluent containing no added steroid. The recovery was found to be 

between 95 and 1032. Sample blanks were determined by adding ethanol 

to methylene dichloride extracts of perfusion effluents and deter­

mining their fluorescent intensity. Under these conditions fluores­

cence never developed.

The measurement of fluorescence at 520 rap under the conditions 

of the assay appears to be an accurate measure of corticosterone
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concentration, Moncloa and co-workers (1959) showed that values for 

corticosterone content of rat adrenals assayed with the fiuorometric 

method agreed with those values obtained by a procedure involving 

paper chromatographic separation followed by assay with blue 

tetrazolium. In addition, the corticosterone concentrations obtained 

in the present study are similar to those obtained from superfused 

rat adrenals when assayed by competitive protein binding or soda 

fluorescence (Schulster et al, 1970), Hence, it would appear that 

the direct fIuorometric analysis of perfusion effluents without prior 

chromatographic isolation of steroids is an accurate method for 

measuring changes in adrenal corticosterone output which may arise 

as a result of altering the experimental conditions.

r;. Endogenous rat adrenal steroid output and specificity

In addition to corticosterone, a number of other steroids are 

produced endogenously by the rat adrenal gland. The following steroids 

have been shown to be present either in rat adrenal vein blood and/or 

in incubation media from adrenals incubated in vitroi

of the method

Cort i coster one
18-hydroxydeoxycorticosterone

[lush, 1953ajWard and 
Birmingham, I960* Cortes 
et al, 1963j Birmingham 
et al, I960.

deoxycorticosterone 
11-dehydrocort icosterone

Aldosterone Singer and Stack-Dunne, 
1955j Giroud et al, 1962

1 &-hy dr oxyc or t i c os t er one Peron, 1961

Progesterone Holzbauer et al, 1969
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11- phydroj^yprogesterone Traikov and
(tentatively Identified) Birmingham, 1966,

Both corticosterone and 18-hydroxydeoxycorticosterone are the 

major secretory products of the rat adrenal. Cortes et al (1963), 

have shewn that large amounts of these steroids are secreted into the 

blood stream: corticosterone levels were approximately two times 

higher than those found for 18-hydroxydeoxycorticosterone.

The specificity of the fIuorometric technique has been exten­

sively investigated by other workers who have determined the fluo­

rescence of many steroid hormones under conditions similar to those 

used in the present assay (Zenker and Bernstein, 1958$ Silber et al, 

1958j Cortes et al, 1963: Uete et al, 1970* Monder and Kendall, 

Unpublished Observations, 1972). Of all the steroid hormones studied, 

corticosterone always shewed the greatest fluorescent intensity. None 

of the other steroids listed above (i.e., those isolated and identi­

fied from rat adrenal glands) manifested enough fluorescence to inter­

fere with the assay.

In the present study some preliminary work was done to confirm 

that corticosterone was the substance responsible for the fluores­

cence measured in venous effluents of perfused rat adrenals. Venous 

effluents from several control (KRBG) perfusions were pooled, extract­

ed with methylene dichloride and evaporated to dryness. The extracts 

were redissolved in ethanol and chromatographed on thin layer plates 

(Silica Gel bO K-254 Brinkman Instruments, Westbury, N.Y.) along with 

& corticosterone standard in chloroform: methanol (95:6), The 

resulting spots were removed from the plates, extracted from the 

silica gel with methylene dichlortde and their fluorescence deter-
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mined. Several components separated on the thin layer plates, hut 

only the one migrating with standard corticosterone manifested any 

fluorescence. This together with the investigations concerning the 

•peciflcity of the fluorometric method (cited above) suggested that 

corticosterone accounts for the fluorescence in the methylene 

dichloride extracts of venous effluents from perfused rat adrenals.

The fluorometric technique has been extensively used to measure 

plasma corticosterone levels in rats (Gulllemin et al, 1959) Moncloa 

et al, 1959), A major interfering factor in this assay is an uniden­

tified fluorescing substance present in the plasma of rats following 

adrenalectomy and hypophysectomy. Hence, the source of this 

"residual fluorescence" cannot be of adrenal origin. In the present 

study, venous effluent being collected is primarily of adrenal origin 

( see Appendix )j non-adrenal contaminants would not be

present in the samples collected. This eliminates the major source 

of error reported in the literature for the fluorometric method.

IV, In vitro studies

Whenever possible, comparisons were made between the behavior 

of the in situ perfused adrenal and that of single adrenal glands 

incubated Jin vitro. Attempts were made to expose the _in vitro- 

incubated adrenals to experimental conditions closely approximating 

those existing during the perfusion.

Adrenals were incubated Jri vitro by varying the conditions of 

the classical technique of Saffran and Schally (1955). After intra- 

perltoneal administration of the anesthetic, adrenals were surgically 

removed from male Long Evans rats. In some experiments, only the 

right adrenal was removed and immediately incubated in vitro while the
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left gland was prepared for perfusion. Adrenals, once removed from 

the animal, were placed in ice cold KRBG, and the adhering fat was 

removed with a pair of fine scissors. The glands were then blotted 

on a piece of filter paper and weighed on a torsion balance. They

were then placed in a petri dish lined with moistened filter paper,

and cut into quarters with a razor blade. The quarters from one single 

adrenal gland were placed in a flask containing 1.5 ml of KRBG and 

were preincubated in a shaking water bath for 30 minutes at 38°C and 

in an atmosphere of 95Z 0 2 i5t CO2. At the end of the preincubation 

period, the medium was removed and replaced by 1,5 ml of fresh medium. 

When stimulatory or inhibitory agents were used, they were added at 

this point in volumes of 0,05 or 0.10 ml to 1.45 or 1.40 ml respect­

ively of fresh medium resulting in a final volume of 1.5 ml. The

flasks were then returned to the waterbath and incubated for two hours 

at 38°c (incubation period). At the end of the incubation period the 

medium was removed and immediately frozen for future analysis.

Aliquots of 0.1 ml of incubation medium were analyzed fluoroaietrically 

for corticosterone as described above. Steroid output was expressed 

as pg corticosterone per adrenal gland or as pg corticosterone per 

100 mg. of adrenal tissue per two hours. Small fragments of liver, 

skeletal muscle, kidney, aorta, pituitary gland and fat pad, approx­

imately the size of an adrenal gland, were incubated ^n vitro accor­

ding to the above procedure. The fluorescence in the medium from these 

incubations was equivalent to that in the KRBG blank.
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RESULTS AND DISCUSSION OF RESULTS

I. X-ray studla*i perfusion with radloopaque substances

Perfusion of adrenal glands with radioopaque materials such 

as BaSOi, or Thorotrast (a 251 colloidal solution of thorium dioxide) 

followed by x-rays of the area or, photography of the area after 

perfusion with a dye, confirmed that the perfusate passed through the 

adrenal and was present in the venous effluent.

Figure 9 is a photograph of an x-ray taken after perfusion 

with Thorotrast. The perfusion was continued until the Thorotrast 

was observed in the adrenal and renal veins. The preparation was 

then x-rayed and a photograph taken of the x-ray. The gland appears 

to be completely perfused and the adrenal and renal veins are clearly 

visible. A branch of the inferior phrenic vein can also be seen 

emptying into the adrenal vein, (see insert, figure 9).

Visualization of the area with a dissecting microscope afteT 

perfusion with various dyes further confirmed that the perfusate 

gained access to the adrenal via the adrenal arteries and that the 

venous effluent passed from the adrenal vein into the renal vein.

Early studies which demonstrated the importance of ligating 

branches of the Inferior phrenic vein and other small branches which 

empty into the adrenal vein (see I.P.V. and (x) figure 3) are described 

in the appendix.

II. Patterns of response to unsupplemented perfusate (KRBG) 

in the Intact rat

Control perfusions with Krebs Ringer bicarbonate glucose 

(KRBG), of adrenal glands from intact rats elicited responses which
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Figure 9.

Insert t

Photograph of an x-ray taken after 

adrenal perfusion with Thorotrast,

Perfusion was continued until the 

Thorotrast could he seen within the 

adrenal and renal veins. The animal 

was then x-rayed and a photograph 

taken of the x-ray plate.

A, Left Adrenal Gland

B, Adrenal Vein

C, Renal Vein

D, Branch of Inferior Phrenic Vein

E, Vertebral Column
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fall into tvo patterns over a 6 hour period. Nine out of seventeen 

control perfusions shewed high initial outputs of corticosterone (B) 

which decreased with time (Pattern I). In the remaining eight 

perfusions an overall decrease in output was also observed, but was 

accompanied by transient increases in output (Pattern II). These 

increases in B output occurred at different time intervals over the 

6 hour period. In these and all subsequent perfusions steroid out­

put was expressed as mlcrograns of corticosterone per 30 minutes 

(jig B/30 minutes).

A. The initial output of corticosterone decreases with 

time (Pattern I )

Figure 10 shows a typical control experiment representative of 

the pattern I type of response. The gland was perfused for 6 hours 

with KilBG, Corticosterone output (triangles, upper curve) was seen 

to be high at the start of the perfusion and to reach lew levels at. 

the end of 6 hours. Regardless of the pattern of response, mean out­

puts of 1.8 (- 0.25 S.E. ) of corticosterone during the first 30 min­

utes declined to 0.62(- 0.20) after 6 hours of perfusion in control 

experiments. This is similar to what others have observed with in 

vitro incubation (Birmingham et al, 1968| Hargoulies et al, 1970) as 

well as with superfusion systems (Tait et al, 1970* Saffran et al,

1971). High initial outputs were obtained in almost all perfusions 

with Intact rats. This probably reflects the response of the adrenal 

to ACTH stimulation elicited by the stress of the surgical procedure. 

The high initial outputs of corticosterone were not observed in adrenal 

perfusions from hypophysectomized rats. The flow rate (circles, lewer 

curve, figure 10) remained constant over the 6 hour period. In general,
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Figure 10. Time courses of corticosterone

out put and flew rate for a control 

(KRBG) adrenal perfusion (experiment 

2 C) showing pattern I type of 

response.
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no relationship appeared to exist between variations in flow rate 

from one experiment to another and steroid output in any control 

perfusions.

Figures 11 and 12 are control perfusions showing the same type 

of response to KRBG, i.e. high initial outputs which decline with time. 

Although corticosterone output declined with time of perfusion, qualit­

ative differences in the time course of the decline were observed from 

one experiment to another. For example, figure 12 shows a generally 

steady time-dependent decline In output. In contrast to this, the 

perfusions represented by figure 10 and 11 showed that the declining 

output can be interrupted by time sequences during which fairly steady 

outputs of corticosterone can be maintained.

The data for the 9 perfusions shewing this type of response 

(Pattern I) are presented in Table II, The mean corticosterone outputs 

for each 30 minute collection period and their standard errors are 

included in the table.

B. Transient increase in corticosterone output (Pattern II) 

Frequently, in perfusions with unsupplemented KRBG, a pattern 

of response (Pattern II) characterized by transient spontaneous rises 

in corticosterone (B) output was observed. These occurred at different 

time Intervals over the 6 hour period, were superimposed upon the over­

all decrease in output, were not accompanied by changes in adrenal 

flew rate, and were not related to the time of day.

Figure 13 illustrates this type of response. The high initial 

output of B (triangles, figure 13) decreased rapidly during the first 

hour of perfusion and was then followed by an increase in output which 

surpassed the initial value. The maximal B output was at 120 minutes
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Figure 11. Time course of corticosterone 

output for a control (KFBG) 

perfusion (experiment 3 C) showing 

pattern 1 type of response.
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Figure 12. Time course of corticosterone 

output for a control (KRBG) 

perfusion (experiment U C) showing 

pattern I type of response.
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TABLE II. CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS
PERFUSED WITH KRBG SHOWING PATTERN I TYPE RESPONSE.

CORTICOSTERONE/30 MINUTE SAMPLE

linutes 
after start 
of perfusion

0 -
30

30 -
60

60 - 
90

90 - 
120

120 -
150

150 - 
180

180 - 
210

210 - 
240

240 - 
270

270 - 
300

300 - 
330

330 - 
360

Experiment

1C 2.0 0.31 0.22 0.24 0.20 0.39 0.52 0.53 0.40 0,27 0,18 0.14

2C 1.6 0,99 0,97 1.1 0.95 0.69 0.45 0.39 0,37 0.42 0.34 0.27

3C 1.1 0.91 0.75 0.79 0.73 0.37 0.33 0.40 0.48 0.44 0.33 0.27

4C 2.0 1.1 0.67 0.45 0.37 0.31 0,34 0.22 0,20 0.14 0.12 0,12

5C 1.8 0,88 0.75 0.63 0.50 0.36 0.46 0.45 0.30 0.21 0.16 0.08

6C 0,59 0,40 0.59 0.61 0.48 0.48 0.45 0.33 0,44 0,35 0.21 0.15

7C 1.1 0.21 0.16 0.21 0.20 0,14 0.10 0.12 0.08 0.07 0,07 0.09

8C 1.7 1.0 0.62 0.53 0.58 0.30 0.46 0.24 0.14 0.07 0.04 0.04

9C 2.0 1.6 1.1 0.71 0.77 0.55 0.47 0.45 0.39 0.43 - -

MEAN 1.5 0.82 0.65 0.59 0.53 0.39 0.39 0,35 0.31 0.27 0.18 0,14
± S.E, 0.16 0.15 0.10 0.09 0.08 0.05 0.04 0.04 0,05 0.05 0.04 0.02

S.E, ■ standard error C« control (KRBG-perfused)
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Figure 13. Time courses of corticosterone

out out and flow rate for a control 

(KRBC) adrenal perfusion (experiment 

13 C> showing pattern II type of 

response.
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after which there was a slow decrease with time, reaching low levels 

of B at the end of 6 hours of perfusion. The flow rate (circles, 

figure 13) remained constant for the duration of the perfusion.

The spontaneous increase in B output has been observed to 

occur at different time intervals over the 6 hour period. In expe­

riment 14C (Table III) the maximal Increase occurred late (at 240 

minutes) in the perfusion. Here the maximal output did not surpass 

the high initial value and was followed by a gradual decline. Expe­

riment 100 (Table III) showed a spontaneous increase which occurred 

early in the perfusion (at 90 minutes) and another increase of lesser 

magnitude later in the experiment (at 270 minutes) also followed by a 

decline. The low initial output observed in this perfusion was a rare 

occurrence. In most perfusions of adrenals from intact rats, high 

initial outputs of B were observed.

The data for the 8 perfusions which showed transient increases 

in B output (Pattern II) are suitssarized in Table III. Large individual 

differences in B output from one adrenal to another were found within 

this series of experiments, e.g., in experiment lit, the gland had a 

mean output over a 6 hour period of 0,44 pg B per 30 minutes compared 

to 3,3 pg for the adrenal in experiment 17.

Spontaneous transient increases in B output from adrenal prepar­

ations have been observed by others (Huibregtse and Ungar, I970j Flack 

and Ramwell, 1972). This phenomenon is difficult to explain especially 

in light of the fact that it occurred in the absence of any obvious 

stimulatory agents.

It was thought, at first. Nembutal (sodium pentobarbital) 

anesthesia used in some of the early perfusion studies might be involved



TABLE III. CORTICOSTERONE OUTPUT FROM RAT ADRENAL 
GLANDS PERFUSED WITH KRBG SHOWING 
TRANSIENT INCREASE IN OUTPUT*
PATTERN II TYPE OF RESPONSE

Ug CORTICOSTERONE/30 MINUTE SAMPLE
Minutes 
after start 
of perfusion

Experiment

IOC

1IC

12C

13C

14C

15C

16C

17C

0 -
30

30 - 
60

60 - 
90

90 - 
120

120 - 
150

150 - 
180

180 - 
210

210 -
240

240 - 
270

270 - 
300

300 - 
330

330 - 
360

0.59 0.51 1.4 1.2 0.75 0.60 0,51 0.65 0.80 0.60 0.51 0.37

1.0 0.43 0,26 0.40 0,62 0.66 0.42 0.38 0.30 0.33 0.25 0.25

1.9 2.3 3.7 4. 3 4.7 4.1 3.0 2.3 1.9 2.1 1,8 1.6

1.6 0.71 1.6 2,5 2.2 2.0 1.5 1.3 0.78 0.61 0.40 0.20

2.1 0.69 0.32 0.54 0.81 0.98 1.1 1.6 1.2 0.79 0.75 0.61

1.9 1.2 1.1 1.1 1.0 1.4 1.6 1.8 2.0 1.8 1.8 1.7

2.0 0.77 0.68 0.80 0.97 1.3 1.5 1.8 1.9 1.8 1.7 1.4

5.3 2.6 2.6 5.4 3.8 2.9 3.1 2.9 3.2 2.8 2.2 2.7

C = control (KRBG - perfused)
Underlined samples refer to point where maximal increase in output occurred.
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in the spontaneous Increases in B output. Blegelman and co-workers 

(1956) had compared the effects of anesthetics (ether vs nembutal) on 

adrenal B output in rats that had undergone adrenal vein cannulatlon. 

This study showed that under nembutal anesthesia, B secretion was low 

at the start of the collection period but increased some three fold by 

the end of a two hour period. In contrast, ether anesthesia resulted 

in raised early levels of B output, followed by a decrease over the 

2 hour period. They suggested that the B output under nembutal anes­

thesia reflected the basal or non-etressed output of the rat adrenal 

or a partial inhibition of the adrenal response to the stress of 

l&paraotomy and vein cannulation. Although they did not consider 

that nembutal was acting directly on the adrenal gland, this possibil­

ity seemed reasonable in the current studies.

Sodium pentobarbital is a short-acting barbiturate which is 

metabolized by enzymes of the liver. Any factor such as liver damage 

which adversely Influences its metabolism may result in a longer bio­

logical half-life for the anesthetic (Ben et al, 1969j Strobel and 

Wollman, 1969). This would certainly be true in the eviscerated 

animal.

Hough calculations were made to estimate the amount of nembutal 

which might be circulating in an eviscerated animal. Based on the 

total blood volume for the rat (about 5 ml/lOO gm. body weight), an 

arbitrary assumption was made that about half of the injected dose of 

nembutal would reach the circulation and be present in an unmetabolized 

form by the time the evisceration had been completed. The adrenal would 

then be exposed to concentrations of 0.5 - 1.0 mg nembutal per ml KfiBG, 

Perfusions were then carried out in which these concentration* of
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nembutal were added to the medium perfusing the gland in urethane- 

anesthetized animals* Under these conditions, nembutal was observed 

to inhibit rather than stimulate corticosterone output. Nembutal 

concentrations of 0.5 - 1.0 mg per ml KRBG were also shown to inhibit 

corticosterone output from adrenal glands incubated in vitro. Hence, 

these experiments indicated that under these conditions, the spontan­

eous increases in B output from the perfused adrenal gland could not 

be attributed to an effect of nembutal.

The possibility that the spontaneous increase(s) in B output 

seen over a 6 hour period might be related to diurnal variation in 

output from the perfused adrenal was also explored. Diurnal variations 

(rhythms) in B output have been shown to occur in vivo (Guillemin et 

al, 1959j Halberg et al, 1959j Krieger, 1972) as well as in vitro 

(Ungar and Halberg, 1962). Hence, there appears to be an intrinsic 

mechanism within the adrenal which controls secretory rhythmicity.

In the rat, steroid levels are low in the early morning (0700 

to 1100)| they then start to increase at about lliOO A.M.j maximum 

levels are reached between 3(00 and 7i00 P.M. (Guillemin et al, 1959( 

Critchlow et al, 1963). In the present study, most adrenal perfusions 

were started between 10t30 and lit 30 A.M. and were run for periods of 

5 to 6 hours, i.e., a time of day when adrenal output is increasing. 

This suggested that the spontaneous increase(s) were perhaps due to 

the fact that perfusions were carried out during a time period when 

the adrenal output is increasing. To test this possibility, several 

perfusions were started between 3i00 and 4t00 P.M. (a period of near 

maximum steroid output level) and continued for 5 to 6 hours until 

9(00 to 10(00 P.M., when steroid output would be expected to be on the
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decline. Transient spontaneous increase(s) in B output were still 

observed to occur and at different time intervals, even when the 

adrenals were perfused later in the day. Thus, the spontaneous 

increase(s) in B output do not appear to be directly related to a 

mechanism within the adrenal which controls diurnal secretory 

rhythmicity.

11r. Response to unsupplemented perfusate (KRBG) in the 

hypophysectotnlzed rat 

Control perfusions with Krebs Ringer bicarbonate glucose 

(KRBG) of adrenal glands from hypophysectomized rats were started two 

to three hours after removal of the pituitary gland. The decision to 

start the perfusion of an adrenal gland at this time was based on 

reports that the adrenal gland shows maximum sensitivity to ACTH two 

to three hours after hypophysectomy and decreases thereafter (Dear and 

Guillemin, 1960j Liddle et al, 1962* Grahame-Smith et al, 1967). The 

original intention was to study the effects of ACTH in the hypo­

physectomized rat.

In general, adrenal perfusions in hypophysectomized rats were 

difficult to perform. Frequently, animals would succumb while being 

surgically prepared for perfusion. To get around this problem, three 

animals were hypophysectomized on each day of an experiment and hence 

were available for perfusion if needed.

Another difficulty encountered with hypophysectomized animals 

was that of controlling adrenal flow rate. It was difficult to main­

tain a constant flew rate and at times impossible to obtain flow 

ttu ough the gland at all. Perfusions which resulted in wide fluctua­

tions in flow rates and those with flea# rates less than 1.0 and
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greater than 5.0 milliliters p«r hour were discarded.

Output of » during the first 30 minutes of perfusion was always 

low. The small initial outputs gradually increased with time of 

perfusion. Figure 14 (experiment lHx, Table IV) depicts a typical 

experiment. Two hours afteT hypophysectomy, the adrenal was perfused 

with KRBG for a period of six hours. The initial output of B was lew 

during the first hour of perfusion and gradually Increased to maximal 

values by the end of two and a half hours. The maximal output was 

maintained for about one hour and then output slowly declined reaching 

lower levels during the last hour of perfusion.

Figure 15 (experiment 4Hx, Table IV) shows a somewhat different

pattern of response to perfusion in a hypophysectomized rat. The 

initial output of B was lowi this was followed by a gradual increase 

in output which continued throughout the duration of the perfusion.

No decrease in B output was observed.

Five successful control (KRBG) perfusions were carried out on 

adrenals from hypophysectomized rats. Flow rate was observed to 

remain constant over the 6 hour period in all of these experiments.

Lew initial mean outputs of 0.12 (- 0,06 S.E.) pg of B during the first 

30 minutes gradually increased (spontaneously) to 0.66 (^ 0,28 S.E.)

>ig after five to six hours of perfusion. The low initial outputs were

observed to slcwly increase to some maximal level. With the exception 

of the experiment depicted in figure 15, a decrease from the maximal 

level attained was always observed, although B output during the last 

hour never declined to the lew initial level. The data for the 5 

control perfusions from hypophysectomized rats are summarized in 

Table IV,
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Figure 14. Tine courses of corticosterone

output and flow rate for an adrenal 

gland (.experiment 1 Hx) perfused 

with KKBG 2 hours after hypophysectony.
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TABLE IV. CORTICOSTERONE OUTPUT FROM RAT ADRENAL 
GLANDS PERFUSED WITH KRBG 2 TO 3 HOURS 
AFTER HYPOFHYSECTOMY,

jig CORTICOSTERONE/30 MINUTE SAMPLE

Minutes 
after start 
of perfusion

0 - 
30

30 -
60

60 - 
90

90 - 
120

120 - 
150

150 - 
180

180 - 
210

210 - 
240

240 - 
270

270 - 
300

300 - 
330

330 - 
360

Experiment

lHx 0.04 0.21 0.57 0.72 0.78 0,73 0.54 0.62 0.51 0.39 0,35 0.30

2Hx 0.02 0.07 0.13 0.24 0.41 0.52 0.46 0.54 0.56 0.61 ' 0.26 -

3Hx 0.04 0.16 0.26 0.20 0.11 0.11 0.19 0.21 0.23 0.17 0.18 0.07

4Hx 0.24 0.28 0.47 0.66 0.56 0.45 0.58 0.80 0.93 0.94 1.1 1.4

5Hx 0.30 0.32 0.38 0.49 0.80 0.89 0.63 1.6 1.9 1.5 1.3 -

MEAN 0.13 0.21 0.36 0, 46 0.53 0.54 0.48 0.75 0.83 0.72 0,64 0.59
+ S.E. 0.05 0.04 0.07 0.11 0,13 0.13 0.08 0.23 0.29 0.23 0.23 0.41

Hx * hypophysactocnized
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Figure 15, Time course of corticosterone 

output for- an adrenal gland 

(experiment h Hx) perfused with 

KRBG 2 hours after hypophysectoiry.
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The finding of low initial outputs of B in perfusions from 

hypophysectomized rats suggests that the high initial outputs observed 

in adrenal perfusions from intact rats May be due to ACTH stimulation. 

These high initial values, which were never observed in hypophysect- 

omtzed rats, may represent the response of the adrenal to ACTH stimul­

ation elicited by the stress of the surgical procedure* The rapid 

rate of disappearance of endogenous ACTH following hypophysectomy 

supports this belief. Both bioactive (Sydnor and Sayers, 1953) and 

immunoreactive ACTH (Cook et al, 19721 Matsuyama et al, 1972) have 

been shown to disappear rapidly (half-life less than 5 minutes) from 

the plasma of rats following hypophysectomy. The biological life of 

the ACTH molecule as manifested by its ability to stimulate steroid­

ogenesis appears to be somewhat longer. It takes 30 minutes for B 

secretion to fall 12-fold following hypophysectomy in rats (Harding 

and Nelson, 1964),

IV. Response to ACTH

A. Continuous perfusion with ACTH 100 BriJ ACTH/ml KRBG 

In these studies adrenal glands were continuously perfused 

with ACTH (100 mU/ml KRBG) from the start of perfusion until its 

completion, i.e. for periods of 3 and 6 hours. The response to ACTH 

was variable, yet in most of the experiments the high initial cortico­

sterone (h) output observed in control perfusions was maintained for 

several hours under the influence of ACTH. Some adrenal glands exhib­

ited an initial decline in output followed by a rise to a higher level 

which was then maintained for several hours. A rise to some peak level 

followed by a decline was also observed in response to ACTH.

Figure 16 shows the response to continuous perfusion with ACTH
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Figure 16. Time courses for corticosterone 

output for 2 adrenal glands 

Cexperiments 1 A and 2 A) perfused 

with ACTH (100 mU/ml KRHG) for 

6 hours.
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over a 6 hour period in two separate experiments, in experiment 1A 

(open circles) the high initial output of B was maintained for two 

hours and declined slightly during the third hour. The slightly lower 

output was maintained for another two hours followed by a decline. In 

this experiment, AGTH was able to maintain an output of 3 - 4 jig R/ 

hour (see T.ible V, experiment 1A) for four and a half hours before 

starting to decline.

In experiment 2A (closed circles, figure 16) the high initial 

output of B declined to about half the initial value during the first 

VO minutes of perfusion. The decline was followed by a slow increase 

which after another 30 minutes attained an output of between 2 and 

3 jig B/hour. This level of output was maintained for the duration of 

the perfusion (another 6 hours) and no decline was observed. The 

adrenal glands of both animals (experiments 1A and 2A) perfused with 

ACTH maintained a relatively high output of B when compared with 

control perfusions.

The responses to ALTH were similar in both experiments; 

however qualitative and quantitative differences were observed. There 

was an initial drop in B output in experiment 2A but not in 1A, The 

adrenal perfused in 2A maintained a high output without showing any 

decline while in 1A a decline could be observed after four and a half 

hours of perfusion with ACTH. The rate of B output/adrenal/hour was 

greater for 1A than for 2A (see Table V), This may have been related 

to a difference in size of the two adrenal glands,The wet weight of the 

adrenal gland in 1A after 6 hours of perfusion was 32.0 mg while the 

gland in 2A weighed 22.0 mg. In general, no definite correlation cculd 

be made between R output of a perfused adrenal gland and its wet weight



TABLE V. CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS
PERFUSED WITH ACTH (100 fflU/ml KRBG) FOR 3 AND 6 HOURS.

>ig CORTICOSTERONE/30 MINUTE SAMPLE

Minutes 
after start 
of perfusion

0 -
30

30 -
60

60 - 
90

90 - 
120

120 - 
150

150 - 
180

180 - 
210

210 -
240

240 - 
270

270 - 
300

300 - 
330

330 - 
36C

Experiment
1A 2.2 2.3 2.1 2.2 1.6 1.8 1.7 1.8 1.9 1.5 1.3 0.85

2A 1.4 0. 78 0.77 1.1 1.2 1.2 1.4 1.4 1.4 1.3 1.3 1.5

3A 1.3 1.4 2.0 1.9 hi 3.1 2.2 1.8 1.3 0.63 0.43 0.40

4A 2.7 0.71 1.2 1.9 2.5 2.9 2.9 2.7 2.3 2.2 1.8 1.2

5A 1.2 0.85 1.2 2.3 4.6 hi 3.3 3.0 2.6 1.7 0.95 1.2

6A 2.2 3.1 3.1 2.9 2.7 2.9

7A 1.7 1.8 1.7 1.7 2.3 2.5

MEAN 1.8 1.6 1.7 2.0 2.6 3.2 2.3 2.1 1.9 1.5 1.2 1.0
+ S.E. 0.21 0.34 0.29 0,21 0.43 0.79 0,36 0.30 0.25 0.26 0.23 0.18

A » ACTH

Underlined values refer to point where maximal increase in output occurred.
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after perfusion.

Figure 17 (experiment 3A) illustrates another type of response 

to continuous perfusion with ACTH. In this experiment a high initial 

output of B (2,7 jig B during the first hour) increased to a maximal 

value (6,6 pg/hour) during the third hour of perfusion. These high 

values declined during the next 3 hours reaching low levels at the 

end of 6 hours of perfusion.

The data showing the response to continuous perfusion with ACTH 

(100 mLr/ml KRBG) of 7 adrenal glands are summarized in Table V, With 

the exception of experiments 6A and 7A (3 hour perfusions with AcTH) 

all the glands were exposed to ACTH for periods of 6 hours. When 

these experiments are taken together, mean outputs of 1.8 (- 0.21 S.E,) 

pg B during the first 30 minutes increases to 3.2 (- 0.80 S.E.) pg 

after 3 hours of perfusion with ACTH, By the end of 6 hours of 

perfusion these values have declined to 1.1 (- 0.18 S.E.) pg B.

Control (KRBG-perfuaed) adrenals (Pattern I plus II) had mean outputs 

of 1.8 (^ 0.23 S.E.) pg B during the first 30 minutes; this declined 

to 1.0 (- 0,25 S.E.) pe B after 3 hours and to 0,62 (- 0.20 S,E.)pg 

after 6 hours of perfusion,

A decline in B output from adrenal glands continuously exposed 

to ACTH has been observed by other workers. Rat adrenals continuously 

superfused with ACTH showed a decline in H output during the later time 

periods of superfusion (Schulster et al, 1970). J_n vivo perfused dog 

adrenals showed a maximum rate of cortisol secretion followed by a 

subsequent decline in response to continuous ACTH perfusion (Urquhart 

and Li, 1968).

ACTH (100 mU/ml KRBG) had no obvious effect on the flow rate
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Figure 17. Time course for corticosterone 

output for an adrenal gland 

(experiment 3 A) perfused with 

ACTH (100 mU/ml KRBG) for 6 hours.
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which remained constant in all of these experiments. There was no 

difference in the magnitude of flow between adrenals perfused with 

ACTH and those perfused with KRBG.

Comparisons of total B output for the first 3 hours of 

perfusion were made between KKIKS-perfused adrenals from intact and 

hypophysectomized rats and ACTH-perfused adrenals from intact rats 

(Table VI). The mean B output of adrenals from intact rats was 

observed to be 7.2 (- 1.4 S.E.) pg B/3 hours when perfused with KRBG, 

this increased to 12,87 (- 1.4 S.E.) when ACTH (100 mU/ml KRBG) was 

added to the perfusing medium (p = ̂ .0.03). The output was decreased 

as a result of hypophysectomy to 2,23 (^ 0.46 S.E.) pg B/3 hours.

These data are summarized and compared in Table VT and in figure 18.

B. Continuous perfusion with ACTH (100 mU KRBG) after 

a 120 minute washout with KRBG 

Adrenal glands were also exposed to a constant amount, of ACTH 

(100 mU/ml KRBG) after being perfused for 120 minutes with KRBG. It 

was hoped that exposure of the gland to unsupplemented KRBG for 120 

minutes would "washout" any residual ACTH or any ACTH effect which 

might have persisted from Jri vivo exposure to the trophic hormone.

Figures 19 and 20 illustrate this type of perfusion experiment, 

i.e. perfusion with KRBG for 2 hours followed by exposure to a constant 

amount of ACTH (100 mJJ/ml KRBG) for the remaining 4 hours of 

perfusion. In experiment 8A (figure 19) a transient increase in B 

output was observed after 30 minutes of perfusion with KRBG. Diffi­

culty had been encountered in inserting the venous cannula into the 

renal vein in this particular experiment. This probably resulted in 

the gland being inadequately perfused during collection of the first



- 137 -

TABLE VI. TOTAL 3 HOUR CORTICOSTERONE OUTPUT 
FROM PERFUSED RAT ADRENAL GLANDSi 
A COMPARISON BETWEEN KRBG—PERFUSED 
ADRENALS FROM INTACT AND IfYPOPHYSECTOMIZED 
RATS AND ACTH-FERFUSED ADRENALS FROM 
INTACT RATS.

TOTAL 3 HOUR OUTPUT
jag CORTICOSTERONE/3 HOURS 

EXPT. EXPT. EXPT.
1C 3.35 lHx 3.05 LA 12.20
2C 6.30 2Hx 1.39 2A 6.45
3C 3.64 3Hx 0. 08 3A 13.20
4C 4.88 4Hx 2.66 4 A 11.90
5C 4.96 5Hx 3.18 5A 17.80
be 3.15 6A 16.90
7C 2.02 7A 11. 70
8C 4. 73
90 6 . 73

IOC 4. 85
lie 3. 37
12c 21.00
13C 10.60
14C 5. 48
ISC 7. 70
160 7.60
170 22.oO

MEAN
OUTPUT 7. 23( -1.4) 2.23(±0.46) 12.87(il.4)*
(-S.E. )

C “ control (KRBG - perfused)
Hx =* hypophysectomized (KRBG-per fused)
A - ACTH (100 raU /ml KRBG )

* significantly different from KRUG-controls (P^C.0.05)
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Figure IB, Data from Table VI depleted as a 

scattergram. Total 3 hour 

corticosterone output from perfused 

rat adrenal glands: A comparison

between KRBG-per fused adrenals from 

intact and hypophysectomized rats 

and ACTH-perfused adrenals from 

intact rats.
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Figure 19, Time courses of cortlrosterone

output and flow rate for an adrenal 

gland (experiment 8 A) perfused for 

2 hours with KKBG followed by 4 hours 

with ACTH (100 mU/ml KKBO).
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Figure 20. Time course of corticosterone

output for an adrenal Cexperiment 

9 A) perfused for 2 hours with 

KRBG followed by U hours with 

ACTH C100 mU/ml KRBG).
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30 minute sample of venous effluent. Hence, the second 30 minute 

sample would be more representative of the Initial level of B output 

in this perfusion. In any case, the gland responded to the addition 

of ACTH with an almost immediate increase In B output. The maximal 

response was reached 90 minutes after addition of ACTH and was main­

tained at this level for another 90 minutes before starting to 

derline.

Figure 20 (experiment 9A) illustrates the same type of experi­

ment but shows a different response to ACTH, This adrenal also 

responded immediately to ACTH with an increase in R output but here 

it took 150 minutes to reach a maximal level after the addition of 

ACTH, This level once reached was not maintained but began to 

decline immediately,

C . Continuous perfusion with ACTHt 10 mb AC Til / ml KRBG 

In order to determine whether the isolated perfused adrenal 

would respond to levels of ACTH lower than 100 mU, perfusions were 

carried out with 10 mU ACTH/ml KRBO, Adrenal glands from six animals 

were continuously perfused for 6 hours with this concentration of 

ACTH (10 mU/ml KRBG), Only two responded to ACTH, The remaining 4 

adrenals showed levels of B output which declined with time and 

reached low levels at the end of 6 hours of perfusion. The pattern 

of response of these 4 adrenals was the same as the pattern T response 

to unsupplemented buffer as described in Section IIA.

figure 21 illustrates the time course of li output for the two 

adrenal glands that did respond to continuous perfusion with 10 mU 

ACTH, Both adrenals maintained a high level of B output. In experi­

ment IDA a high initial level of I) was maintained for 3 hours followed
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Figure 21. Time rourses for corticosterone

output for adrenal glands of 2 rats 

(experiments 10A and 11A) perfused 

with ACTH (10 mU /ml KitbG) for 

6 hours.
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by a decline. In 11A, an initial decline during the first hour vras 

followed by an increase to a higher level of output. Relatively high 

levels were then maintained for about 2 hours followed by a decline.

The response of the 2 adrenals to 10 mU of ACTH was similar to the 

pattern of response observed in adrenals exposed to 100 mU ACTH 

(see figure 16),

D, Continuous perfusion with ACTH (100 mU/ml KRBG) plus 

amlno-ftlutethiaide (100 jig/ml KRBG)

Amino-glutethlmide (e*. -ethyl- cA-p-amino-phenyl-glutarimide) 

is a compound originally used clinically as an anticonvulsant and later 

shown to inhibit adrenal corticosteroid biosynthesis both _in vivo and 

in vitro (Dexter et al, 1967). Amino-glutethimide (AC) has been shown 

to inhibit adrenal steroid biosynthesis in several different types of 

biological preparationsi (1 ) in rats, both in vivo and in incubated 

adrenal quarters (Dexter et al, 1967)j (2) in dogs, vivo after a 

single intravenous injection of AG (Wilroy et al, 1968) and (3) in 

functional monolayer cultures of adrenal cortex tumors exposed to AG 

(Kowal, 1969b), Dexter and co-workers have shewn that the inhibitor 

does not affect the conversion of exogenous pregnenolone, progesterone 

or deoxycorticosterone to corticosterone in rat adrenal secretions 

incubated in vitro. This suggests that the inhibitory effect of At; 

on adrenal corticosterone biosynthesis occurs prior to the formation 

of pregnenolone. The data of Wilroy et al (1968) and those of Kowal 

(1969b) agree with the view that AG interferes with the conversion of 

cholesterol to pregnenolone. The response of intravenous injection 

of AG has been shown to be rapid. In dogs, a rapid decrease in 

corticosteroid secretion has been observed 20 minutes after injection
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of AG (Wilroy et al, 1968).

The effect of AG on the ACTH-stimulated perfused rat adrenal 

was studied in two experiments. The adrenals were perfused for 6 hours 

with KRBG containing 100 mU ACTH plus 100 ̂ ig AG per ml. The two 

experiments are illustrated in figure 22. AG abolished the response 

to constant perfusion with ACTH, Neither maintenance of a high level 

of R output nor any effect which could be attributed to ACTH was 

observed. In experiment TAG (figure 22, open circles) a relatively 

high initial level of R was observed to decline rapidly during the 

first hour of perfusion, followed by a slower rate of decline over 

the next 3 hours. A basal level of B output was reached at the end 

of 270 minutes of perfusion and was maintained until the experiment 

was terminated. This result of perfusion with ACTH + AG is similar 

to the pattern I type of response observed in control (KRBC) perfusions 

(see Results, Section I1A). In experiment 1AG total B output during 

the first 3 hours of perfusion was 4,58 îg B, which compares well with 

total 3 hour outputs observed in the pattern I type of response (see 

Table VI, experiments 1C to 9C).

The response of the adrenal gland in experiment 2AG (figure 22, 

closed circles) was similar to that of the adrenal in IAG, except that 

the initial and overall outputs of R were lower. Although, in both of 

the perfusions (experiments IAG and 2AG) the flow rate (measured in 

ml effluent/30 minutes) remained constant for the 6 hour period, it was 

approximately 25 to 502 higher than that observed in control or ACTH- 

stimulated adrenals. This suggests that AG or AG in combination with 

ACTH may exert a vasodilatory effect.
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Figure 22. Time courses for corticosterone 

output for 2 adrenal glands 

(exper intents 1 AC and 2 A C ) perfused 

with ACTH (.100 mU /ml KRBG) plus amino- 

glutethimide (100 pg/ml KRbG).
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V. The effect of adding dextran to the perfusion medium 

(5% dattran in KRBG)

A problem frequently encountered when one attempts to perfuse 

an isolated organ either with blood or with isotonic salt solutions 

is the formation of edema fluid (lymph) in the perfused organ. The 

problem becomes more acute when the perfusate consists of only an 

isotonic salt solution which lacks the cellular and protein compo­

nents of blood. This creates an osmotic imbalance between the inter­

cellular fluids and the perfusate flowing though the organ. Under 

such conditions, and as a result of the osmotic imbalance, fluid that 

would normally leak out of capillaries and into the tissue spaces 

(lymph) is not able to return to the circulation and hence accumulates 

In the tissue spaces. Accumulation of fluid in the tissue spaces can 

cause an increase in interstitial tissue pressure leading to vaso­

constriction, blockage of flow and deterioration of the physiological 

condition of the organ. A perfused organ which becomes edematous 

cannot be expected to function "normally".

The problem of edema formation was encountered in the isolated 

KRIki-per fused rat adrenal gland. Edema, or swelling of a single 

adrenal gland, could not be observed during the course of a perfusion 

experiment, because of the small size of the gland. As the experiment 

progressed tissue fluids (edema) accumulated within the perirenal fat 

surrounding the gland. The edema was first evident after about 2 hours 

of perfusionj it became progressively worse with increasing time of 

perfusion. This observation, plus the fact that adrenal glands weighed 

more after being perfused for 6 hours than adrenals removed from rats 

of the same size immediately after sacrifice, indicated that perfusate
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w a s  also accumulating within the gland and perhaps influencing its 

function.

An attempt was made to reduce the edema by adding dextran 

(M.W. 60 - 90,000) to the perfusing medium. The dextran was used as 

an osmotic substitute for the protein components normally found in 

blood. Adrenal glands of 4 rats were perfused with a 52 solution 

of dextran in KRBG (control experiments).

Figure 23 illustrates a typical perfusion experiment carried 

out for 6 hours with KRBG-contalning 52 dextran. Gorticosterone out­

put was observed to be high at the start of the peTfusion and to reach 

lew levels at the end of 6 hours. This response has been previously 

described as the pattern I type of response observed in control (KRBG) 

perfusions (see Results and Discussion of Results, Section IIA) i.e., 

the initial output of B decreases with time. The data for the 4 

adrenals perfused with KRBG-contalning 52 dextran are summarized in 

Table VII.

Perfusion with dextran appeared to eliminate or diminish the 

spontanecus transient increases in E) output that had previously been 

described as the pattern II type of response in control (KRBG) 

perfusions (see Results and Discussion of Results, Section IIB). 

Addition of dextran to the perfusing medium had no effect on Flow rate. 

VI, Perfusion with indoroethacin

A. Rationale for studying the effects of indomethacln 

on the perfused rat adrenal gland

A major problem which prevailed throughout both the development 

and utilization of the perfusion technique was that of finding an 

explanation for the transient spontaneous increases in corticosterone
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Figure 23, Time course of corticosterone 

output for an adrenal gland 

(experiment 1 D) perfused with 

KRBG-containlng 5X dextran.



C
O

R
T

IC
O

S
T

E
R

O
N

E
 

O
U

TP
U

T 
JJg

 
/ 

30
 

M 
IN

UT
E 

S
3 0

2 5

KRBG PLUS 5'. O K IE  AN

*50

3 0  6 0  9 0  120 150 18 0 210 2 4 0  2 7 0  3 0 0  3 3  0  3 6 0

MINUTES

*? s
t



TABLE VII. CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS 
PERFUSED WITH KRBG-CONTAINING 5* DEXTRAN.

jig CORTICOSTERONE/30 MINUTE SAMPLE
Minute* 
after start 
of perfusion

0 - 
30

30 -
60

60 - 
90

90 - 
120

120 - 
150

150 -
180

180 -
210

210 - 
240

240 - 
270

270 - 
300

300 - 
330

330 - 
360

Experiment

ID 1.7 0.85 0,75 0.50 0.44 0.28 0.24 0.24 0.21 0.17 0.15 0.11

2D 1.4 1.2 0,50 0.59 0.40 0.36 0.35 0.14 0.25 0.18 0,18 0.14

3D 1.2 0, 74 0,48 0.40 0.29 0.54 0.63 0,37 0.22 0.11 0.08 0.06

4D 1.8 1.4 1.0 0.82 0.60 0.62 0.71 1.2 0.91 0,57 0.65 0.49

MEAN 1.5 1.05 0.68 0.58 0.43 0.45 0.48 0.49 0,39 0.26 0.26 0.20

- S.E. 0.13 0.15 0.12 0,08 0.06 0,07 0.11 0.24 0.17 0.10 0.13 0.09

SS
I
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(B) output (Pattern II type of response) observed in control 

perfusions (see Results and Discussion of Results, I IB).

Several studies by Flack and co-workers led to the suggestion 

that the transient increase in B output might represent a steroido­

genic response of the adrenal to endogentxis prostaglandin biosynthesis. 

These workers have reported (1) the presence of several prostaglandins 

in rat adrenal glands (Shaw and Ranvell, 1967) Rarwell and Shaw, 1970), 

(2 ) the release of prostaglandins from rat adrenals upon stimulation 

(Ranwell and Shaw, 1970), (3) the stimulation by prostaglandins of 

corticosterone synthesis in superfused rat adrenal glands (Flack et al, 

1969) and (4) that prostaglandin £2 causes a transient stimulation of 

corticosterone synthesis in superfused rat adrenals, while ACTU main­

tains steroid secretion for several hours (Flack and Ramwell, 1972).

As pointed out before (Results and Discussion of Results, Section IIA 

and C), ACTU maintains a high level of B output for several hours in 

the perfused rat adrenal. These observations, together with reports 

that some organs can release prostaglandins in response to mechanical 

stimuli such as perfusion and gentle massage (Piper and Vane, 1971), 

led to the hypothesis that mechanical stimulation resulting from 

surgical manipilation and/or the perfusion Itself was promoting 

endogenous adrenal prostaglandin biosynthesis, and transiently stimu­

lating steroidogenesis.

B. Indomethacin Inhibits prostaglandin biosynthesis in 

several biological preparations 

Indomethacin (l-(p-chlorobenzoyl)5-methoxy-2-methyl-indole-3- 

acetic acid), a potent anti-inflammatory drug, has been shown to 

inhibit the biosynthesis of prostaglandins in several biological
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preparations. Vane (l97l) reported that the synthesis of 

prostaglandins £3 and Fystfrom arachidonic acid by cell-free homo- 

genates of guinea pig lung can be blocked by indomethacin. The 

adrenaline-induced synthesis of prostaglandins E2 and F2°*- in the 

Isolated perfused dog spleen was inhibited by Infusion of indomethacin 

(Ferreira et al, 1971).

Smith and Willis (1971) have shewn that a suspension of human 

platelets will produce prostaglandins when incubated with thrombin*

The platelets were unable to produce prostaglandins in response to 

thrombin when indomethacin was added to the incubating medium, or when 

the platelets were withdrawn from volunteers who had ingested 

indomethacin one hour before (Smith and Willis, 19 71).

Smith and Lands (1971) have studied in detail a prostaglandin- 

synthesizing system isolated from sheep vesicular glands. They report­

ed that the enzymic system is inhibited by indomethacin in a time- 

dependent, concentration-dependent manner. The drug irreversibly 

blocked the full activity of the synthetase system. These studies 

taken together leave little doubt that indomethacin can block 

prostaglandin synthesis both _in vivo and in vitro.

C. The effect of adding indomethacin (5 jig/ml KftBG) to 

the perfusion medium 

In these studies adrenal glands were continuously perfused with 

5 jig indomethacin/ml KRBG for periods of 6 hours. The decision to use 

this concentration of indomethacin was based on the following consider­

ations! (I) to inhibit prostaglandin release from the isolated 

perfused dog spleen, Ferreira et al (1971) used concentrations of 

0,37 to U jig indomethacin per ml of perfusate. Perfusion with 9 jig
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indomethacin/ml for 15 minutes completely abolished prostaglandin out­

put. (2) In man, therapeutic doses of indomethacin produce plasma 

concentrations cf between 2 and 10 pg/ml (Personal Communication from 

Dr. C.R. Stevenson, Merck Sharp and Dohme).

Figure 24 illustrates two separate perfusion experiments in 

which the adrenals were exposed to indomethacin (5 ng/ral KRUG) for 

6 hours. In experiment II (closed circles) a high initial output of 

B was observed to decay with time (Pattern 1 type of control response). 

No transient increase in B output was observed. The adrenal in experi­

ment 21 (open circles) showed essentially the same picture except that 

slight increases in B output were observed during the second and third 

hours of perfusion, the output then decayed with time.

Table VIII summarizes the B output data for 9 adrenal glands 

perfused with indomethacin (5 yg/ml KRBG) for periods of 6 hours.

Four of the adrenals (experiments II, 41, 51 and 61) shewed no tran­

sient increase in B output, only a decay with time. Three adrenals 

(experiments 21, 31 and 71) showed slight increases in B output but 

the overall 6 hour picture was one of decreasing output. The two 

remaining adrenals (experiments 81 and 91) showed definite spontaneous 

increases in B output which were comparable to the transient increases 

observed in the pattern II type of control response, Perfusions with 

higher concentrations of indomethacin were not carried out. Hence, 

it is not known whether higher levels of the drug might have complete­

ly eliminated the transient increases.

The mean corticosterone outputs for each 30 minute collection 

period for the 9 perfusions with indomethacin are included in 

Table VIII. The mean outputs for the KRBO control perfusions
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Figure 24, Time courses for corticosterone 

output for 2 adrenal glands 

(experiments 1 1 and 2 1 ) perfused 

with indomethacin (5 jig/ml KRBC;) 

for 6 hours.
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Minutes a f te r  
s ta r t  o f 
p c r fu lo n

TABLE VIII. CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS 
PERFUSED WITH INDOMETHACIN (5 ng/iil KRBG).

jug CORTICOSTERONE/30 MINUTE SAMPLE

0 - 30 - 60 - 90 - 120 - 150 - 180 - 210 - 240 -
30 60 90 120 150 180 210 240 270

270 - 300 - 330 -
300 330 360

Experiment

1 I 1.4 0.88 0.55 0.36 0.30 0.34 0.39 0.33 0.23 0,22 0.30 0.26
2 I 1.7 1.3 1.5 0,82 0.77 1.1 1,1 0.77 0,63 0.44 0.24 0.16
3 I 1.6 1.9 1.4 1.5 1.4 1.3 1.1 0.97 0.66 0.33 0.25 0.14
4 I 2.4 2.1 0.99 0.62 0.33 0.26 0.39 0,32 0.23 0.20 0.18 0.11
5 I 1.8 0.49 0.35 0.38 0.48 0.34 0.25 0.17 0.15 0.11 0.08 0.09
6 I 2.0 1.8 1.0 0.62 0.53 0,49 0.35 0.34 0.32 0,27 0.17 0.17
7 I 0.90 0.61 0.72 0.72 0.68 0.51 0.48 0.70 0.63 C.41 0.28 0.25
8 I 2.1 1.3 0.82 1.1 1.8 2.1 1.8 1.3 0.74 0.55 0,38 0.20
9 I 0.56 0.50 0.86 0.90 0.82 1.1 0.54 0.22 0.11 0.12 0.04 0,03

KEAN 1.6 1,2 0,91 0.78 0. 79 0,84 0.71 0.57 0.41 0.29 0.21 0.16
t S.E, 0.19 0.21 0.12 0.12 0,17 0.20 0,17 0.13 0.08 0.05 0,03 0.02

MEAN (I) 1.5 0.82 0.65 0,59 0.53 0.39 0.39 0,35 0,31 0.27 0,18 0,14
MEAN (II) 2.0 1.6 1.5 2.0 1.9 1.7 1.6 1.6 1.5 1.4 1.2 0,89

161
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(Patterns I and II) are also Included in the table for comparison 

purposes. When the 9 perfusions with indomethacin taken together are 

compared to control (KRBG) perfusions, their response appears to be 

similar to the pattern 1 type of response, i.e., the initial output 

of corticosterone decreases with time.

In general, addition of indomethacin to the perfusing medium 

at the (Jose level employed (5 jig/ml KRBG) eliminated or greatly 

diminished the transient increase in b output. Indomethacin had no 

effect on the flow rate which remained constant and within an accept­

able range in all these perfusions.

VI1. Response to prostaglandins 

A, Prostagland!n E?

(1 ) Continuous perfusion with r> jig prostaglandin K? 

plus 5 jig indomethacin per ml KRBG 

The effects of several prostaglandins on corticosterone (B) 

output were studied by perfusing adrenal glands with indomethacin- 

containing KFIiG solutions ( r> jig itiduuief haci n/ml KRBG) to which the 

prostaglandins were added.

The steroidogenic response to prostaglandin £2 uas

studied in 1 adrenal glands which were continuously perfused with 

1 jig PGK2 plus 1 jig indomethacin per ml KRBG for periods of 6 hours. 

Figure 21 (experiment II) illustrates such a perfusion. The initial 

output of R increased to a maximal level after 2 hours of perfusion.

A fairly rapid decline occurred over the next 3 hours, reaching a low 

level at the end of 5 hours of perfusion. There appeared to be no 

time lag in response of the adrenal gland to HIK21 i.e. the increase 

in R output was immediate. Adrenal flaw rate remained constant



- 163 -

Figure 25. Time courses for corticosterone

output anti flow rate for an adrenal 

gland (experiment 1 P) continuously 

perfused with 5 jug prostaglandin 

plus 5 p g indomethacin per ml KRHG.
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during the 6 hours of perfusion and had no obvious relationship to 

Li output.

Figure 26 (experiment 4P) shows a somewhat different response 

to continuous perfusion with PGE2, Corticosterone output rose imme­

diately and reached a maximal level after 90 minutes of perfusion. 

This level was maintained for one hour after which it slowly declined 

with time. In this perfusion (experiment 4P) higher levels of B out­

put were observed than in experiment IP. High levels of B were also 

maintained for a longer period of time in this perfusion than in 

experiment IP (figure 25), No relationship between the flew rate, 

which remained constant, and B output was observed (figure 2o, 

experiment 4P ).

The data showing B output per 30 minute sample for the 5 

adrenal glands continuously exposed to POL'2 are summarized in 

Table IX. Three of the adrenals responded to PGfĉ  with a transient 

rise in output followed by a fairly rapid decline (experiments IP,

2T and to a lesser extent 5P). The other 2 adrenals responded to 

P6 E2 with an initial stimulation of B outputj the resulting higher 

level of B was maintained for a short period of time followed by a 

slow decline (experiments 3P and 4P).

Although neither qualitative nor quantitative responses to 

perfusion with IX.E2 were exactly the same for each adrenal gland, 

some general observations can be made concerning the influences of 

PCE2. (1) Itelatively high levels of B output were observed in 

response to PGE2 , Mean outputs of 2,0 (- 0.45 i>.F.) jjg B during the 

first 30 minutes increased to 3,2 (- 1,9 S,t,) jig after 3 hours of 

perfusion with POF2. By the end of 6 hours of perfusion, B output.
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Figure 26. Time courses for corticosterone

output and flow rate for an adrenal 

gland (experiment h P) continuously 

perfused with 5 jig prostaglandin Ej 

plus 5 jig indomethacin per ml KRlWi,
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Minute* after 
start of 
perfusion

Experiment

1 P

2 P

3 P

4 P

5 P

TABLE IX. CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS PERFUSED 
WITH PROSTAGLANDIN E2 (5 jig/ml KRBG) PLUS INDOMETHACIN 
(5 p«/*l KRBG) FOR 6 HOURS,

PS CORTICOSTERONE/30 MINUTE SAMPLE

0 -
30

30 - 
60

60 - 
90

90 - 
120

120 - 
150

150 - 
180

180 - 
210

210 - 
240

240 - 
270

270 - 
300

300 -
330

330 - 
360

1,1 1.2 1.5 2.2 2.0 1.5 0.92 0.65 0,38 0.22 0.31 0.31

0,93 0,92 2.4 4.1 5.0 6.1 3.4 2.7 1.8 1.4 0.98 0.68

3.3 3.9 4.8 4.8 3.4 4.1 3.2 3.2 2.9 2.4 2.0 2.4

2.1 2.7 3.4 3.2 3.4 2.7 2.3 1.8 2.4 1.8 1.7 1.4

2.6 2.0 2.4 2.7 2.1 1.6 1.3 0.60 0.34 0.27 0,17 0.15

underlined values refer to point where maximal increase in output occurred.
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declined to 0.98 (^ 0,41 S.E. ) pg/30 minutes, Control(tndomethacin- 

perfused) adrenals had mean outputs of 1.6 (* 0,19 S.E. ) jig B during 

the first 30 minutes; this declined to 0,84 (-0,20 S.t. 3 jig after 

3 hours and to 0.16 (- 0,02 S,t,)pg B after 6 hours of perfusion. 

Comparisons of total B output for the first 3 hours of perfusion 

were made between indomethacin-perfused adrenals and those perfused 

with Pt,E2 plus indomethacin (Table X), The mean B output of adre­

nals exposed only to indomethacin was 6.16 (- 0.69 S.t.) jig B/3 

hours. Addition of PGL’2 to the indomethacin-containing medium 

increased the output to 16.83 (- 2.6 S.E.) jig for the 3 hour period. 

This stimulatory effect of PGE2 was highly significant (P -^.0.001) 

and was found to he even greater than that of ACTU over a 3 hour 

period (see Table X). Hence, the conclusion that elicits a

relatively high rate of B output appears to be justified. (2) The 

response of the perfused adrenal to PGE2 appeared to be iranediate 

although in 2 perfusions (experiments 2P and 5F, Table IX) there 

was a short tims lag,(3) When PGE2 was present in the perfusing 

medium the high initial output of B (the first 30 minute sample) 

was always surpassed early in the perfusion, i.e., peak B outputs 

were always higher than the initial outputs (see Table IX). (4)

At the concentration used (*5 pg/ml KRBG), PGE2 stimulation of out­

put occurred with no concomitant change in f l w  rate, hence there 

appeared to be no relationship between adrenal flow rate and steroid 

output. (6) The response to PGE2 always declined with time of 

per f us i on,
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TABLE X. TOTAL 3 HOUR CORTICOSTERONE OUTPUT 
FROM PERFUSED RAT ADRENAL GLANDSi 
A COMPARISON BETWEEN PERFUSION WITH 
KRBG, ACTH, INDOMETHACIN AND 
INDOMETHACIN PLUS PROSTAGLANDIN E2

Perfusion Number of Total 3 hour output
Medium experiments pug B/3 hours)

KRBG 17 7,23 (± 1.4)

ACTH <100 mU/ml) 7 12.87 1.4)

INDOMETHACIN 9 6,16 (- 0.69)
(5 ^ug/ml)
INDOMETHACIN 5 16.83 2.5)x
<5 ug/ml) plus 

PGE2 <5.u«/nl)

All values represent means (- S.E.)

x p ^ 0 , 0 0 1  when compared with perfusion with 
indomethacin alone.



- 171 -

(2 ) Continuous perfusion with 10 ng prostaglandin 

e2 plus 5 indomethacin per ml KRBG

The effect(s) of increasing the concentration of prosta­

glandin E2 (POE2) to 10 ug/ml of the indomethacin-containing medium 

was studied in 6 adrenal perfusion experiments. The adrenal 

response to doubling of the prostaglandin concentration was differ­

ent in each experimentj no clear pattern of response was evident.

This is illustrated by the B output data which are summarized in 

Table XI, After a BO minute time lag, the adrenal gTand in experi­

ment 6P appeared to respond to PGE2 by maintaining a high level of 

B output for the duration of the experiment. In 7P (a four hour 

perfusion), a 2 hour time lag was followed by a transient increase 

in output which started to decline after it reached a peak level 

about one hour later. In experiments 8P and 9P high levels of B 

output were maintained for the first 90 minutes of perfusion 

followed by levels which declined for the durations of the exper­

iments.

When the four adrenal glands perfused with 10 pg PCIE2/ml 

were taken together, a relatively high output of B was observed to 

occur during the first 3 hours of perfusion. The mean output fcrr 

the first 30 minutes of perfusion was 2.2 (- 0.56 S.E.) jig B, This 

declined only slig,htly to 1.7 (- 0.36 S.E.) jig/30 minutes at the 

end of 3 hours of perfusion.

The mean total 3 hour B output for the 9 adrenals perfused 

with 10 îg KIE2 plus 5 ug indomethac in/ml KRB0 was 10.83 1.9 S.E.)

pg b. This is less than the mean total 3 hour output of adrenals



TABLE XI. CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS PERFUSED 
WITH 10 pg PROSTAGLANDIN E2 PLUS 5 jug INDOMETHACIN PER 
ml KRBG,

pg CORTICOSTERONE/30 MINUTE SAMPLE
ninutes alter 
start of 
perfusion

0 - 
30

30 -
60

60 - 
90

90 - 
120

120 - 
150

150 - 
180

180 -
210

210 -
240

240 - 
270

270 - 
300

300 - 
330

330 - 
360

Experiment

6 P M 1.5 2.1 2.1 1.4 1.4 1.6 1.7 1.5 1.4 1.3 1.3

7 P 0.55 0.59 0.62 0.53 0.69 2.6 2.6 1.9 _ _

8 P 3.0 2.9 3.3 2,1 1.9 1.8 1.4 1.1 0,89 0.53 0.51 0,57

9 P 2.5 2.4 2.3 1.9 1.5 0.87 0.87 0.48 0.35 0.24 0.20 0.23

MEAN 2,2 1.9 2.1 1.7 1.4 1.7 1.6 1.3 0.91 0.72 0,67 0,70

* S.E. 0.56 0.51 0.55 0.38 0.25 0.36 0.36 0.32 0,33 0.35 0,33 0,31

underlined values refer to point where maximal increase in output occurred.
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perfused with 5 jig PGE2 plus 5 pg. indomethacin (16.83 (- 2,5 S.E.) 

ug B/3 hours), but still significantly different (P^.0.02) from 

6.16 0.69 S.E.) pg B which was the mean total 3 hour output from

adrenals perfused with indomethacin only (see Table X).

Perfusion with 10 jig PGE2 resulted in irregular (inconstant) 

adrenal flew rates (measured as ml of effluent collected/30 minutes) 

which were higher than those observed in most adrenal perfusions.

Often a relationship appeared to exist between flow rate and B output 

i.e., flow rate increased with time of perfusion and was accompanied 

either by increasing or high levels of B output. This was observed 

in most adrenal perfusions when the concentration of the prostaglandin 

used was 10 jig/ml (see data below for PGE^ and PGF^o* ). In all other 

perfusions, whenever the adrenal flow rate was observed to increase, 

a concoraitant decrease in B output occurred. This has been inter­

preted to mean that extra-adrenal areas were being perfused and 

drained via small veins which empty into the adrenal or renal veins; 

the net effect was a partially perfused adrenal. This would account 

for the decrease in B output in face of am increase in t lew rate (see 

Results and Discussion of Results, Section IB). Thus, perfusions 

which showed either high, irregular or increasing flew rates were 

accompanied by diminishing levels of B output and for the above reason 

were discarded. The prostaglandins (PGE2> P(*El suid ) at a

concentration of 10 pg/ml KRBG were the only agents used in this study 

which showed stimulation of steroid output which was accompanied by an 

increase in flow rate.

Three adrenal glands (experiments 6P, 7F and 8P) out of the 

continuously perfused with 10 jjg PGE2 shewed increases in flow rate
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with concomitant increases in B output. Figure 27 shows the time 

courses of B output and flow rate for one of the adrenals (experi­

ment 6P) perfused with 10 pg PGE^. The flow rate slowly increased 

from less than 3.0 ml/hour during the second hour of perfusion to 

over 6.0 ml/hour during the fourth hour. From 60 to 120 minutes 

after the start of perfusion, the increasing flow rate was accomp­

anied by Btimulation of B output. Thereafter, from 120 minutes until 

the end of the perfusion a high level of B output was maintained.

Two adrenal glands were perfused for 90 minutes with KJRBG 

containing only indomethacin. PGfc^ CIO jig/ral KRBG) was added to the 

indomethacin-containing medium and the perfusion continued for another 

270 minutes. Both adrenals responded to the addition of 10 PGEj 

after a short time lag with increases in B output. The stimulation 

of steroid output in each case was accompanied by an increasing flow 
rate.

Perfusion of adrenal glands with PGK2 at a concentration of 

10 ^ig/ml KRBG appears to influence flow rate as well as steroid out­

put,

U. Prostaglandin E^! continuous perfusion with 10 >ig 

prostaglandin £i plus 5 Mg indomethacin per ml KRBG 

after 90 minutes of perfusion with indomethacin 

(5 ng/ml KRBG)

Three adrenal glands were perfused for 90 minutes with KRBG 

containing only indomethacin. PGE^ (10 jag/ml KRBG) was added to the 

indomethacin-containing medium and the perfusion continued for an­

other 210 minutes. OorticosteTone output data for the 3 perfusions 

are summarized in Table XII, Two adrenals (experiments 10P and IIP)
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Figure 21, Time courses for corticosterone

output and f i w  rate for an adrenal 

gland (experiment ftP) continuously 

perfused with 10 pg prostaglandin 

E2 pluB 5 pg indomethacin per 

ml KKBO.
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Minutes a f te r  
s ta r t  o f 

perfusion

Experiment

10 P

11 P
12 P

TABLE XII, CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS PERFUSED 
WITH 10 jug PROSTAGLANDIN PLUS 5 >ig INDOMETHACIN/ml 
KRBG AFTER PERFUSION FOR 90 MINUTES WITH INDOMETHACIN 
(5 KRBG),

jug C0FTIC0STER0NE/30 MINUTE SAMPLE

0 - 30 - 60 - 90 - 120 - 150 - 180 - 210 - 240 - 270 -
30 60 90 120 150 180 210 240 270 300

5 pg Indomethacin 10 jug PGEj plus
per ml KRBG 5 me Indomethac in /m l KRBG

i

1.6 1.4 0.68 5.5 5.1 3.1 3.0 3.1 2.2 1.5

0.88 0.56 0.53 0.68 0.61 0.77 1.1 1.2 1.5 2.0

0,74 0.50 0,32 0.42 0.37 0.49 0.63 0,86 0.48 0.33

177
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responded immediately (no apparent lag period) to the addition of 

10 jig PGEj/nil with increases in B output. Only a slight increase in 

B output was observed for the remaining adrenal (experiment 12P) al­

though the flow rate in this experiment increased after addition of 

the prostaglandin. In experiments 10P and IIP the stimulation of R 

output was accompanied by increases in flow rate.

Figure 28 illustrates one of these perfusions with POE^, A 

transient increase in output reached a maximal level within 30 minutes 

after the addition of POE}. The actual levels of R output remained 

high but declined with time of perfusion. The flow rato also appeared 

to respond immediately to POE}, reaching high levels and remaining 

there for the duration of the perfusion (see figure 28).

The perfusions described in this section suggest that PGE]

(10 jig/inl KRBG) exerts an influence on adrenal flow rate and B output.

. Prostaglandin F̂ g*. : continuous perfusion with 10 pg

prostaglandin Fto* plus 5 jig indomethacin per ml KRBG 

after 90 minutes of perfusion with indomethacin 

( 5  jig/ml KRBG )

Three adrenal glands were perfused for 90 minutes with KRiJG- 

rontaining only indomethacin, PGK^o* (10 jig/ml KRBG) was then added 

to the indomethacin-containinp, medium and the perfusion continued for 

270 minutes (experiments 13P and 1GP) and 210 minutes (experiment 15P). 

The corticosterone output data for the 3 perfusions are summarized in 

fable XIIJ. All 3 adrenals responded with increases in R output; high 

levels of b were maintained for several hours under the influence of 

PGF^^t . Increases in flow rate which appeared related to increased 

steroid levels were observed in experiments 13P and 13P. However.
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Figure 28. Time courses of corticosterone

output and fit*/ rate for an adrenal 

gland (experiment 10P) perfused for 

90 minutes with indomethacin (5 jjg/ml 

KRBfi ) followed by continuous perfusion 

(210 minutes) with 10 jig prostaglandin 

F l plus 5 jig indomettiacin per ml KRIiG,
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Minutes after 
start of 
perfusion

Experiment

13 P

14 P

15 P

TABLE XIII, CORTICOSTERONE OUTPUT FROM RAT ADRENAL GLANDS PERFUSED 
WITH 10 Mg PROSTAGLANDIN Fje* PLUS 5 Mg INDOM£THACIN/al 
KRBG AFTER PERFUSION FOR 90 MINUTES WITH 1NDOMETHACIN 
(5 Mg/»1 KRBG).

Mg CORTICOSTERONE/30 MINUTE SAMPLE

0 - 
30

30 - 
60

60 - 
90

90 - 
120

120 - 
150

150 - 180 - 
180 210

210 -
240

240 - 
270

270 - 
300

300 -
330

330 - 
360

5 jug 
per

Iodooethacin
■1 KRBG

10 jjg Prostaglandin F ^  plus 5 indomethacin/ 
■1 KRBG

1.2 1.5 2.0 5.3 4.5 5.1 2.7 2.0 1.9 0.92 0.64 0.48

2.3 3.1 1.6 1.5 1.9 1.7 1.4 1.5 1.0 0.90 0.57 0.49

1.0 0.99 1.2 1.5 1.2 1.3 1.3 0.95 0.71 0.45 • -

181
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tn experiment 14P the flow rate did not change during the 6 hours of 

perfusion.

Figure 29 Illustrates the time courses of B output and flow 

rate for experiment 13P, Steroid output and flow rate were seen to 

increase after addition of PGF^o* .

The perfusions described in this section suggest that PGFi°* 

(10 jig/ml KRBG) may also exert an influence on steroid output and 

flow rate.

VI11. Perfusion with direct cannulatlon of the adrenal vein

Adrenal venous effluent can also be collected by direct 

cannulation of the adrenal vein. This variation of the standard 

procedure, which simply replaces cannulation of the renal vein (see 

Surgical Techniques under Materials and Methods), was developed in 

an attempt to improve the technique of adrenal perfusion.

Using this variation, six successful studies were carried out. 

Three adrenals were perfused with KKBG (control) and the other three 

continuously with 100 mU AGTH/ml KRBG,

Figure 30 depicts the time courses of corticosterone (B) output 

for two typical experiments. One adrenal was perfused with KRBG (open 

circles) and the other with ACTH (closed circles). The adrenal venous 

effluents were collected by means of cannulae inserted in the adrenal 

veins. The output of B from the control experiment showed a decline 

with time. Corticosterone output reached a lew basal level at the 

end of three hours of perfusion. The low basal level persisted until 

the experiment was terminated at the end of six hours.

A spontaneous increase in B output was observed in only one out 

of three control perfusions. The magnitude of the increase was less
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Figure 29. Time courses of corticosterone

output and flew rate for an adrenal 

gland (experiment 13P) perfused for 

90 minutes with indomethacin (5 jig/ml 

URBG) followed by continuous perfusion 

(270 minutes) with 10 jig prostaglandin 

F]o*. plus 1 pg indomethacin per ml 

KitBC.
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Figure 30. Time courses of corticosterone

output for two adrenal glands with 

the venous effluent being collected 

via rannulae inserted in the 

adrenal veins.

Open circlesi KRBC-control.

Closed clrcle8t continuous 

perfusion with 100 mU AcTH/ml KftBG,
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than that which had been previously observed in control experiments 

when the renal vein was cannulated.

A higher level of B output was maintained when adrenals were 

continuously perfused with ACTH (100 nii/ml KRBG) and the venous 

effluent collected via the cannulated adrenal vein. In the ACTH- 

perfused adrenal illustrated in figure 30 (closed circles), the initial 

output (output during the first 30 minutes) was maintained for the 

first two hours of perfusion. During the third hour, the output 

increased above the initial value and was maintained at this higher 

level until the end of five hours of perfusion, at which time it 

started to decline.

When the cannula was in the adrenal vein, B output was less 

from both control and ACTH-perfused adrenals (see Table V) than when 

it was in the renal vein. When the adrenal vein was cannulated the 

flow rates remained constant in both types of perfusions (control 

and AbTH-stimulated) but were 1.0 to 2,0 ml/hour, which was lower 

than those encountered when the procedure involved renal vein cannul­

ation. The presence of the polyethylene cannula within the very 

narrow adrenal vein probably interfered with the flew of adrenal 

venous effluent.

For the reasons just mentioned, and because cannulation of 

the adrenal vein was difficult and often time consuming, it was 

decided that no advantage would be gained by pursuing this variation 

of the technique.

IX. In vitro incubation studies on quartered rat adrenal glands 

The reasons for carrying out Vn vitro studies were (1) to 

determine the rate of corticosterone (B) output in vitro of adrenal
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glands from Long Evans rats and, (2) to use this information to 

compare the behavior of the _in situ perfused adrenal and that of 

single adrenal glands incubated _in vitro. Attempts were made to 

expose the jLn vitro-incubated adrenals to experimental conditions 

closely approximating those existing during the perfusion (see 

Materials and Methods),

A, In vitro response to ACTH

Adrenal quarters were first incubated for 30 minutes (pre­

incubation period) in medium (KJtBG) alone before incubation for two

hours (incubation period) in fresh medium containing ACTH, The

reasons for pre-incubation have not been clearly established, but 

appear to be important for increasing the sensitivity of rat adrenals 

to added A;‘TH (>affran and Hayliss, lOSl).

The ability of ACTH to stimulate corticosterone output from 

adrenal quarters in vitro was determined at 3 different concencentra- 

tionsj 10, 100 and 1000 rob AC Til/ml KRBG, The data for these experi­

ments are summarized in Table XIV, ACTH was observer! to elicit a 

3 - T fold increase in H output over the two hour incubation period. 

f orticosterone output from ACTH-stimulated adrenals at all three 

doses used was significantly different (P*C.0,001) from the KitIV.; 

controls. Increasing the ACTH concentration from 10 to 100 mU/ml KUDO 

resulted in a small increase in B output per adrenal gland (P*C0,lO), 

corticosterone output of adrenals exposed to 100 mb ACTH and those 

exposed to 1000 mlJ was not significantly different. Thus, 100 niJ 

ACTH/ml KltBG appears to elicit a maximal response in this in vitro 

system.



TABU XIV. CORTICOSTERONE OUTPUT FROM SINGLE QUARTERED RAT ADRENAL 
GLANDS INCUBATED FOR 2 BCURS IN VITROa.

INCUBATION NUMBER OF
MEDIUM ADRENALS

TOTAL 2 HOUR OUTPUT (Incubation Period) 

pg B/gland/2 Hrs. jug B/lOO mg Adrenal/2 Hr8.

KRBG 30 2.6 (± 0.16) 11.1 (t 0,77)

ACTH mU/ml KRBG

10 7 7.2 (± 0,91)* 28,6 C± 3.6)*

100 10 9,5 <* 0.80)* 39.8 (± 2.7)*

1000 5 10.9 (i 3.1)* 48.3 i t 12.7)*

All values represent means S.E.).

a Adrenals were pre-incubated in KRBG for 30 minutes. The medium was then replaced 
with fresh KRBG with or without (controls) the addition of ACTH, and incubated 
for 2 hours (incubation period).

* Significantly different from KRBG controls (P ̂ 0.001)
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B. Comparisons between in situ perfused and in vitro 

incubated adrenal glands

Comparisons between corticosterone (Ii) output from perfused 

adrenals and from single adrenal glands incubated _in vitro were made 

for equivalent time periods. This data is summarized in Table XV,

The mean B output during the first 30 minutes of incubation Cpre- 

incubatlon period) was found to be 2.99 (- 0,12 S.E.) pg/gland while 

the first 30 minutes of perfusion with XRBO produced a somewhat lcwer 

levelj 1.78 0.23 S.L.) pg/gland (F 0.001). Thus it appears that

the in vi tro - incubated adrenal puts out more B during the first 30 

minutes of incubation than does the perfused gland. This difference 

could he attributed to greater release of preformed B from the in 

vitro- incubated glands. Adrenal glands destined to be incubated 

in vitro were immediately removed from animals after they were anes­

thetized t they were thus exposed for only a short time (several min­

utes) to in vivo ACTH stimulation which could cause release of some 

preformed steroid. I'erfused adrenals were exposed to _in vivo ACTH 

stimulation for about 1 hour, the time required to surgically prepare 

them for perfusion. This relatively long exposure to ACTH might have 

caused depletion of all or most of their preformed steroid and hence 

could account for the lower B output observed during the first 30 min­

utes of perfusion. In other words, less preformed steroid would be 

present in perfused adrenals during the first 30 minutes of perfusion 

than would be present in incubated adrenals during the pre-incubatLon 

period.
When the total B output from the pre-incubation plus the 

incubation period of in vitro-incubated glands was compared with the
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MEDIUM

KRBG

KRBG

ACTH 
(100 mU/ml 

KRBG )

TABLE XV. A COMPARISON BETWEEN CORTICOSTERONE 
OUTPUT FROM SINGLE ADRENAL GLANDS 
INCUBATED IN VITRO AND FROM IN SITU 
PERFUSED ADRENALS.

IN VITRO PERFUSION

Pre-incubation period 0-30 minutes of perfusion

jug B/adrenal/30 minutes

2.99 (± 0.12) 1.7B (± 0.25)
(n» 51) P ^  0.001 (n = 17)

Pre-incubation + Incubation 0-150 minutes of perfusion 
periods

jug b/adrenal/2 ^ hours

5.'40 (± 0.28) 6.20 (± 1.1)
(n - 29) (n - 17)

Incubation Period 30-150 minutes of perfusion

B/adrenal/2 hours

9.5 it 0.80) 8.2 (± 0.99)
(n “ 10) (n » 7

All values represent means (- S.E.)
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first two and a half hours from control perfusions, the outputs were 

not significantly different. Adrenals incubated in vitro had a mean 

output of 5,40 (- 0.28 S.E,) pg fl/gland/two and a half hours, while 

perfusion for two and half hours resulted in 6,20 (- 1,1 S.E.) jig/ 

gland. Thus it appears that B output during the first two and half 

hours of perfusion with KRBU is about the same as that produced by a 

single quartered adrenal gland incubated _in vitro. Making the assump­

tion that the rn situ perfused adrenal is the more physiologic of the 

two preparations, one would intuitively expect a higher rate of out­

put from the perfused adrenal, i.e. closer to that which has been

observed _in vivo. Under conditions which probably elicit maximum

ACTH stimulation (adrenal vein cannulation), a single rat adrenal 

gland has an output of from 10 to 60 pg B/hour (Tait et al, 1970). 

These differences will be discussed below (see General Considerations 

and Conclusions).

More meaningful comparisons between in vitro incubations and 

the perfusion system require that the incubations be carried out for 

longer time periods and with more frequent ctianges of incubation 

media.

Adrenal perfusions with ACTH were not designed so that they 

could be easily compared to adrenal glands incubated jirt vitro in an 

ACTH-containing medium. It was previously mentioned that in order to 

demonstrate a significant effert of ACTH in vitro, the glands had to

be pre-incubated before exposure to ACTH. In most perfusions with

ACTH, the adrenals were continuously exposed to the trophic hormone 

from the start of the perfusion and hence there was no time period 

comparable to the 30 minute pre-incubation carried out irt vitro.
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In order to be able to make a comparison between the response of the 

in vitro-incubated and the perfused adrenal, to ACTH, the first 30 min­

utes of perfusion with ACTH was assumed to be equivalent to the pre­

incubation period Jri vitro. It is clear that these two time periods 

and their effects on the adrenals are probably not equivalent. The 

mean total output of B for the incubation period ^n vitro with 100 mb 

ACTH was compared to 30 to 130 minutes of continuous perfusion with 

100 mU ACTH/ml K.RBC (see Table XV). The mean R output was 9.3 

(- 0, HO b.E.) j.ift h per/p,land over a two hour period of inrubation 

with ACTH. This was not sipnificantly different from -3.2 0.99 S.E. )

pp which was the mean two hour R output from adrenals perfused with 

100 mU ACTH. Thus, for two hour periods which are not exactly equiv­

alent, t he mean B output from jji vitro— incubated and in situ- 

perfused adrenals exposed to 10O mU ACTH was about the same.

tn vitro incubations were also carried out with indomethacin, 

KJEi and FCT 2 in order to determine whether the effects of these apents 

were similar to the effects observed when they were added to the 

perfusion medium. Quartered adrenal plands were incubated for two 

hours with five different concentrations of indomethacin (.3, 23, 30,

100 and 200 pp, indomot hacin per ml KKBC). I ndomet hac in had no effect 

on R output at any of the dose levels used. Total B output was equiv­

alent to that of KRRC-incubated controls (see Table XIV). POfĉ  and 

i 1- 2 - ‘t* tvo different, concentrations (9 and 10 pp/ml KRhO ) alone and
in combination with indomethacin (3 îp,/ml KRIvC) had no effect on 

control levels of B output (see Table XIV) over a two hour incubation 

period. This suggests that differences exist between the response of 

the perfused adrenal and Lhe adrenal incubated in vitro.
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GENERAL CONSIDERATIONS AND CONCLUSIONS

I. The Technique of adrenal perfusion

To this writer’s knowledge, only one other technique for 

iH s -̂tu perfusion of rat adrenal glands has been described in the 

literature (Cession-Fossion, 1964a, 1964b), The method was developed 

to study adrenal catecholamine secretion and involved perfusion of 

both the kidneys and the adrenal glands via a cannula placed in the 

aorta. The vessels supplying the gastrointestinal tract and the 

genital organs were ligated and the venous effluent was collected 

from the cannulated vena cava. Edema formation which led to a rapid 

decrease in flow rate, limited the perfusions to periods of no more 

than 30 minutes. Large amounts of perfusate were requi.sd to irrigate 

this preparation and were probably an important factor leading to the 

edema formation. dession-Fossion (1964b| personal communication, 

1969), believed that the exclusion of the kidneys from the perfusion 

circuit hv ligation of their blood vessels would cut off the blood 

supply to the inferior poles of the adrenal glands. The present 

study has demonstrated that the blood vessels at the hilus of a kidney 

can be carefully lip,ated without damaging the circulation to the 

adrenal gland. This manipulation makes it possible to perfuse the 

rat adrenal gland without having to include the kidney in the 

perfusion circuit.

Of the several surgical manipulations required, two are crucial 

to the success of a perfusion experiment! (a) the left renal artery 

and vein must be carefully separated so that the tie foT holding the 

venous cannula in place can be put only around the renal vein



195 -

(see figure 3). Failure to do this could result in damage to the 

renal artery, occlusion or constriction of the inferior adrenal 

artery (if one is present) and inadequate perfusion of the gland.

(b) The small venous tributaries which empty into the adrenal vein 

must be ligated. Failure to do this may lead to an adrenal which is 

only partially perfused (see Results and Discussion of Results, 

bection IB),

I’erfusion of the adrenal with Thorotrast followed by x-rays 

of the area established that the gland was being perfused (see 

Results and Discussion of Results, Section 1A). Perfusate penetrated 

most of the adrenal rapillariesi if the intracortical vessels were 

not filled with radioopaque medium, the gland would not be visible 

radiographically Uiarrison and Hoey, I960). This type of experiment 

indicates that flow is occurring in most parts of the gland hut it 

cannot adequately assess the mirroclrculation. It is possible that 

contrast medium enters one segment of the circulation yet the flow 

to that segment may be extremely slew and the function quite disturbed,

Several parameters were routinely utilized in an attempt to 

estimate the overall well-being of the gland and hence the success 

of a perfusion experiment. These were, flow rate, visual observ­

ation of the isolated gland, vascular leakage and edema formation 

within the perirenal fat surrounding the gland.

Most important of these parameters was the flow rate which 

usually remained constant and within an acceptable range (see Materi­

als and Methods, IB (2) ) for the duration of most experiments. In­

creases or decreases in flow rate (inconstant flow rates ) usually 

signaled failure of the perfusion. Blotches or blemishes on the
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surface of the gland were visible signs of vasoconstriction or gross 

damage to small areas of the adrenal gland and when they persisted, 

the experiment was discarded. The surface of the successfully 

perfused adrenal appeared clear, moist and glistening, Extensive 

vascular leakage of perfusate occurred infrequently and could be 

detected by periodic observations of the preparation with a loupe. 

When leakage did occur it was usually accompanied by a decrease in 

flow rate.

It was not possible to assess the effect of edema on the 

functional status of the perfused adrenal, and hence only some 

suggestions can be offered. As previously mentioned (Results and 

Discussion of Results, Section V), edema fluid could be observed to 

accumulate within the perirenal fat. Most of the time progressive 

accumulation of fluid was observed with no concomitant decrease in 

flow rate. This suggested that the increased tissue pressure which 

usually accompanies edema formation was not severe enough to affect 

adrenal flow and that, probably tissue damage was kept at a minimum,

A possible effect of increased tissue pressure on prostaglandin bio­

synthesis will be discussed below. Edema accompanied by increased 

tissue pressure, vasocontriction and decreased flow is probably the 

most common cause of failure in most organ perfusion studies. In the 

present study, because edema formation had little effect on flow 

rate, if rarely resulted in the failure of a perfusion.

No attempts were made in the present study to experimentally 

determine the oxygen requirements of the rat adrenal nor could they 

be found in the literature. However, it is known that adrenal glands 

from most species studied have very rich blood supplies (Lever, 19'1'ij
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Jones, 1957j Rhodin, 1971) suggesting that their oxygen requirement 

is relatively high. In preparing an adrenal for perfusion, the gland 

is deprived of a circulation for no longer than 60 seconds, a rela­

tively short period of time. It is doubtful whether this short period 

of hypoxia results in permanent damage to the adrenal. The question 

that does arise is whether the oxygenated perfusate (KRBG), after some 

loss of oxygen in transit to the gland, is able to supply the gland 

with sufficient oxygen to maintain it in a functional state for fair­

ly long periods of time. On the other hand studies both in this 

laharatory and in another (Liemann, 1971) have shown that adrenal 

glands can be deprived of oxygen (i.e. cut off from their hlood supply) 

for varying periods of time (60 to 120 minutes) and still produce 

corticosterone as well as respond to AcTII in vitro. Although, the 

perfused adrenal is undoubtedly receiving less oxygen that if would 

In vivo, it can still put out measurable amounts of corticosterone 

for periods of at least 6 hours and can respond to various stimuli,

11 , ‘ ontrol (KRBG) perfusions

Most adrenal glands perfused with KKIHj (controls) showed high 

initial outputs of corticosterone which declined with time of per­

fusion. Regardless of whether the decline was accompanied by transient 

rises in output or not, it was a highly reproducible phenomena. This 

has been observed by others studying superfused rat adrenals (Saffran 

anil Kowell, 1969) fait et al,1970j Huibregtse and Ungar, 1970)  

bchulster et al, 1970). The high initial output is not believed to 

he due to a washout of preformed steroid from the gland. Tait and co­

workers ( 1970) have shown that the amount of rorticosterone "stored** 

in an adrenal gland would be completely depleted after ten minutes of
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superfusion. Thus, the observed initial decline in output would 

appear to be due to a decline in de novo synthesis rather than a re­

lease of preformed steroid.

Figure 31 illustrates the time courses of mean corticosterone 

(B) output for each 30 minute collection period both for the pattern 

1 (open circles) and pattern II (closed circles) types of control 

responses} these are plotted separately and together (I plus II, 

triangles). The pattern I type of response has been previously de­

scribed as a decrease in B output with time of perfusion, while 

pattern II involves an overall decrease in output accompanied by 

transient increases (see Results and Discussion of Results, Sections 

11A and B). Also included in figure 31 are data recalculated from 

superfusion studies of bchulster and co-workers (1970) and expressed 

as micrograms of corticosterone per adrenal gland per hour. This 

curve (solid squares) shears B output as a function of time of super­

fusion.

Valid comparisons can be made between adrenal perfusion and 

superfusion, although one must realize that the experimental conditions 

differ greatly from one technique to the other. In the superfusion 

study (bchulster et al, 1970), decapsulated (zona fasiculata and 

reticularis plus the medulla) adrenals from 12 intact female rats 

(24 adrenal glands, i.e. 330 -430 mg of adrenal tissue) were used for 

each 9 hour incubation. The curve for superfusion in figure 31 (solid 

squares) represents the mean for 4 superfusion experiments, i.e., the 

data obtained from 144 adrenal glands or over 2.0 grams of tissue.

The adrenals were superfused at a flow rate of about 45 ml KRBG/houri 

which is at least ten fold greater than that used in adrenal perfusion.
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Figure 31, Time courses of mean corticosterone 

output for adrenal glands superfused 

and perfused with KUBG for 5 and h hours 

respect ively.

The mean B outputs for each 30 minute 

sample for control perfusions (Pattern 

I, II and I + II) were calculated from 

the data of Tables II and III,

The mean outputs for each GO minute 

sample for superfused adrenals were 

recalculated from the data of Schulster 

et al (1970) which was reported as 

y\f, B/rat/hour.

Perfusion!

Pattern I open circles

Pattern 11 closed circles

Patterns I + 11 triangles

Superfusion; solid squares
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Figure 31 shews that high initial levels of B decline with 

time from both perfused and superfused adrenals, Corticosterone out­

put was lower from superfused adrenals when compared with the outputs 

for pattern II and for pattern I plus II responses for perfused adre­

nals, Spontaneous increases in R output were not observed in this 

superfusion study. The superfusion curve represents the mean output 

for lVt adrenal glands and any increases in B output by some glands 

would be averaged out. This possibility illustrates an important 

contribution of adrenal perfusionj that of providing a technique which 

allows one to study individual differences between isolated adrenal 
glands.

The output from superfused adrenals was qualitatively and 

quantitatively similar to the pattern I type of response for perfused 

adrenals. Table XVI expresses the data from figure 31 in terms of 

hourly outputs of B. The corticosterone output/adrenal/hour can he 

seen to be as much as 3 to 10 times higher from perfused adrenals 

than from superfused adrenals. The relatively high levels of H output 

from intact perfused adrenals suggests that perfusion may be more 

representative of what occurs in vi vo than superfusion.
A decline with time of B output was observed from most KRBG- 

perftised adrenal glands. Ban ink i ew i c7 et al (196R) have suggested 

that this decline at least in the case of superfused adrenals is due 

to the decay _in vitro of the vivo effect of the trophic hormone 

C"in vivo decay hypothesis1'). They feel that the decline would re­

sult from inactivation of secreted ACTH still bound to the tissue and 

to a decay of the effects initiated _ln vivo. This explanation is not 

completely satisfactory because the decline in output was also
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TABLE XVI. KEAN CORTICOSTERONE OUTPUT PER ADRENAL
PER HOURi A COMPARISON BETWEEN PERFUSED 
(KRBG) RAT ADRENAL GLANDS AND SUPERFUSED 
(KRBG) DECAPSULATED ADRENAL GLANDS,*

PR CORTICOSTERONE/ADRENAL/HOUR 
PERFUSION SUPERFUSION

MINUTES I II I + II

0 - 6 0 2.3 3.6 2.8 2.2

60 -120 1.2 3.5 2.3 0. 75

120-180 0.92 3.6 2.2 0. 50
180-240 0.74 3.2 1.9 0.30

240-300 0.58 2.9 1.7 0.25

300-360 0.32 2.0 1.3

(n-9) (n»8) n-1 7 ) (n“144)

x superfusion data modified from Schulster et al (1970),
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observed when adrenals were perfused or superfused with ACTH. Regard­

less of the approach used, perfusion or superfusion etc., knowledge of 

in vivo cell function is not advanced enough to permit an adequate re­

production of the _in vivo conditions in any of these isolated systems. 

For this reason, one would intuitively expect the steroid output to 

decline with time; many jjri vivo requirements for optimal function must 

be lacking.

111. Transient increase in corticosterone output from KRBG- 

perfused adrenals

As previously described (see Results and Discussion of Results,

I IB), transient increases in corticosterone (R) output occurred 

frequently in control (KRB6) perfusions and were especially difficult 

t o ex.pl a in because they occurred in the absence of any obvious stimu­

latory agents. One of my primary goals was to find a reasonable explan­

ation for this pehnomonon.

The transient increase may have been the result of stimulation 

by AtTli. The finding of lew initial outputs of B in perfusions from 

hypophysectomtzed rats compared to high initial outputs from intact 

rats suggests tliat the lew outputs might represent the response of an 

adrenal which is no longer under the influence of AbTH, Fndogenous 

A<''JTi and its steroidogenic effect have been shewn to disappear rapid­

ly from the plasma of rats following hypophysectorny (Harding and 

Nelson, 196b; cook et al, 1972; Matsuyama et al, 1972). This top,ether 

with the observation that the low initial outputs in perfusions from 

hypophysectomized rats increased with time of perfusion, would suggest 

that the increases in R output are not due to an effect of ACTH.

Studies have been described (see Results and Discussion of
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Results, II B) which have indicated that the spontaneous increases in 

B output from the perfused adrenal could not be attributed to an 

effect of nembutal. Neither do they appear to be directly related 

to time of day. In this respect one could suggest (a speculation) 

that adrenal glands might possess intrinsic mechanisms unrelated to 

environmental cues or to diurnal variations, which would control their 

secretory rhythmicity, Secretory rhythms might be different for adre­

nals from different animals) rhythmicity would be controlled by an 

intra-adrenal mechanism, Spontaneous increases in h output would 

occur when an adrenal was being perfused at a (ime when its secre­

tory output was increasing.

The possibity that prostaglandins of adrenal origin synthe­

sized in response to mechanical stimulation (surgical manipulation 

and/or the perfusion itself) were stimulating steroid output was also 

considered. It has been reported that some organs can release 

prostaglandins in response to mechanical stimuli (Piper and Vane,

1971), that prostaglandins were present in and released by rat adre­

nal glands (Shaw and Rairwell, 19b7j Rarawell and Shaw, 1970) and that 

prostaglandins could stimulate corticosteroidogenesis (Flack et al, 

19t>9).

The increased tissue pressure which usually accompanies edema 

formation could result in mechanical stimulation of a perfused adrenal 

leading to prostaglandin biosynthesis and stimulation of B output, No 

spontaneous Increases in corticosterone output were observed when adre­

nals were perfused with dextran-supplemented KRBG (see Table VII),

The experiments could be interpreted to mean that the dextran-perfused 

adrenal was subjected to less mechanical stimulation (less edema) and
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to a decrease or elimination of endogenous prostaglandin bio­

synthesis.

The perfusions carried out with indomethacin, an inhibitor of 

prostaglandin synthesis (Vane, 1971),suggest that prostaglandins may 

be involved in the transient increases in output. When the mean R 

outputs from adrenals perfused with indometiiacin were compared with 

mean outputs from control (KUBG) perfusions (see Table VIII), the 

indomethacin appeared to eliminate or greatly diminish the transient 

increases in corticosterone output. Several adrenal glands perfusc-d 

with indomethacin still showed increases in corticosterone output 

(see Table VIII). L I  one assumes that these increases in output are 

due to prostaglandin stimulation of stcroidogenesis, then their occur­

rence in perfusions carried out with indomethacin raises two questions:

(1) Is indomethacin really inhibiting prostaglandin synthesis in the 

perfused adrenal? and, (2) if indomethacin is inhibiting prosta­

glandin synthesis then why doesn’t it do so in all adrenals perfused 

with the inhibitor? The first question can only be asnwered by 

further experimentation. This would require the identification of 

prostaglandins in the venous effluent from control (KRBti) perfusions, 

Une would then have to show that perfusion with indomethacin eliminates 

or decreases the concentratton of prostaglandins previously found in 

the venous effluent. several possible explanations can be given to 

explain why indometiiacin did not eliminate or diminish the increases 

in output from all of the adrenals perfused with the inhibitor 

(question 2). It is not clear from the present study whether indometlt- 

acin can easily penetrate the adrenocortical cells. it is possible 

that not. enough indomethacin gained access to the prostaglandin-
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synthesizing machinery in those perfusions which manifested increas­

es in output even in the presence of the inhibitor. In addition, 

some adrenal glands might require concentrations of indomethacin 

greater than the 5  pg/ml used in the present study. The activity 

and/or the amount of prostaglandin synthetase from one adrenal to 

another might not he the same. borne of the adrenals perfused with 

5 pg of indomethacin might have required more of the inhibitor to 

completely inhibit prostaglandin hiosynthesis.

Perfusion of adrenals with a medium containing r> pg prosta­

glandin h 2  plus r> pg indomethacin resulted in transient increases 

in B output which resembled those observed in control (11RBG) 

perfusions (see figure 21 and 2 b  and Table IX), The date are consist­

ent with the suggestion that the spontaneous increase in [J output 

may represent a (steroidogenic) response of the perfused adrenal to 

endogenous prostagland in.

Additional suggestions can be advanced to explain the trans­

ient increase in output, Deterioration of some adrenal tissue during 

the course of a perfusion could result in leakage of potassium from 

damaged cells thereby increasing the intra-adrenal potassium concen­

tration and enhancing steroid production. Exposure of adrenal glands 

to excess p o t a s s i u m  has been shown t o  stimulate steroidogenesis. 

Addition of potassium to the blood perfusing the isolated dog adrenal 

caused a rise in cortical hormone production fVogt, 19 51). More 

recently, Matthews and Saffran (1972) have shown that excess potassium 

enhanced corticosterone production in superfused rabbit adrenals.

A transient increase in 0 output could occur as a result of 

redistribution of perfusate within the adrenal, for example, vaso-
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constriction could occur in a relatively inactive area of the gland 

(i.e. an area producing little or no corticosterone) thereby decreas­

ing flow to the inactive part with subsequent diversion of perfusate 

(increase of flow) to a more active area (i.e. a major corticosterone- 

producing area). If such a redistribution of intra-adrenal flow occur­

red during a perfusion experiment, it might not be detectable as a 

change in the volume of venous effluent collected per unit Lime (i.e. 

flow rate). The intra-glandular distribution of arteries in the rat 

adrenal suggests that such a redistribution of flow is possible.

This circulation consists of two types of blood vessels which arise 

from a plexus in the capsule. The first type, the arteriae medullae 

pass through the cortex to supply the medulla without giving off any 

branches to the cortex. These empty into medullary sinusoids. The 

other type of blood vessel consists of capillary networks arising 

from the capsular plexus and irrigating the various zones of the 

cortex as well as the medulla (C.ersh and Grollman, 19N1). Harrison 

and iiocv (1900), have proposed that changes in blood flow to the 

cortex may be due to ronstrict Lon of the arteriae medullae with sub­

sequent diversion of blood flow from the medulla to the cortex.

Other investigators do not agree with this hypothesis (Kramer and 

Sapirstein, 1907). Nevertheless, redistribution of flow, if it were 

to occur during adrenal perfusion would appear to be a possible 

mechanism which could explain spontaneous increase in output.

bone component of the perfusate (Kktw;) could be responsible 

for the observed enhancement of steroidogenesis. This could be easily 

tested by removing one ionic constituent of the buffer at a time, 

adding enough sucrose to maintain tonicity and observing the steroid-
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ogenic effect of this modified buffer on the perfused adrenal.

However, additional assumptions would have to be introduced in order 

to explain why enhanced output would occur in some control perfusions 

and not in others.

As previously mentioned, spontaneous increases in steroid out­

put have been observed in the data of others (Huibregtse and Ungar, 

1970j Flack and Kanwell, 1972) but it does not appear that any serious 

attempts have been made to explain their occurrence, Huibregtse and 

Ungar (iy70) have developed a system in which the adrenals from a 

single rat (about 30 rag of tissue) can be superfused. Figure 32 was 

modified from their study and shows corticosterone output from two 

pairs of adrenal glands as a function of time of superfusion. both

pairs of adrenals were taken from intact rats, one was handled

("stressed") prior to sacrifice (triangles) while the other was 

killed rapidly (minimum stress) by cervical dislocation (circles).

When the adrenals were superfused with KRUG (no ACTH in the medium), 

a "spontaneous rise in corticosterone secretion was noted at 3 

hours" but could not be consistently reproduced. No possible explan­

ation was offered for this enhancement of corticosterone output.

A "transient increase in corticosterone formation" was also

observed from superfused decapsulated adrenals taken from rats 3 to

b hours after hypophysectomy (black and Harwell, 1972). In each 

control experiment the adrenals from at least ten rats (abovtt N00 rap. 

of tissue) were superfused for six hours with KHfk,, The transient 

rise occurred during the first 90 minutes of superfusion. fhese work­

ers suggest that the increase may result from transfer of the glands 

from T0 r :  to 37° c but apparently haven't experimentally tested this
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Figure "12. Time rourses for cart iros t pront1

output for KKBO-superfusod adrenal 

plands from intact rats.

1 irclesi rat killed by rapid

cervical dislocation. 

Triangles: rat handled rrior to

sacrifice ("stressed").

d a t a  m o d i f i e d  f r o m  t i u i h r e p . t s e  a n d  l i n e a r  ( 1 9 7 0 ) .
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possibility. They also indicate that the rise in output may be due 

to "recovery from a short period of ACT!) deprivation" (Flack and 

Karawell, 1972).

Spontaneous increases in corticosterone output have been 

observed in some adrenal superfusion studies (Huibregtse and Ungar,

1970) Flack and Kamwell, 1972) but not in others (Ta.it et al, 1970) 

Schulster et al, 1970). When single adrenals are perfused with KRbO 

the phenomenon occurs frequently and is often of a greater magnitude 

than that observed from superfused adrenals. The absence of transient 

increases in output, or their occurrence but at a lesser magnitude 

from superfused adrenals is understandable. Superfusion systems 

usually involve the incubation of many adrenal glands and give inform­

ation concerning the average behavior of the incubated tissue) this 

tends to diminish Lhe importance of individual differences. In the 

present study, where the behavior of single adrenal glands were 

investigated, spontaneous rises in steroid output were more apparent 

and the importance of individual differences could be more fully 

apprec iatod,

IV, Response to ACTH

Continuous perfusion of adrenal glands with AcTH (100 mO/ml 

KRBO) for periods of up to six hours lias resulted in high levels of 

corticosterone (B) output for relatively long periods of time. The 

adrenal perfused wrth At Til has the ability to maintain high outputs 

for 3 to '* hours and longer before showing any decline (see Table V). 

In most of these perfusions the response to ACTH was immediate with 

practically no lag period, although several adrenals did require a 

short interval before they responded.
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Huibregtse and Ungar (1970) Have shown that adrenal sections 

superfused with 100 mU ACTH/ml can maintain stimulated levels of B 

for 3 to U  hours before starting to decline. However, their levels 

of B output are at least ten fold lower than outputs detected in the 

present study as well as in other adrenal superfusion studies (fait 

et al, 1970; Schulster et al, 1970), Cchulster and co-workers (1970) 

superfused decapsulated adrenal glands with ACTH (o9 mU/ml) for 

periods of 5 hours. This data is expressed in Table XVII as hourly 

outputs of B and compared with the data from 7 adrenal glands (see 

Table V) continuously perfused with At:TH (100 mlr/ml). The super­

fusion data were obtained from incubations involving 72 adrenal 

glands (over 1,0 gram of tissue). The ACTtl-st imulated levels, when 

compared in this matter can be seen to be similar for both perfused 

and superfused adrenals. The major difference between the two systems 

appears to be the point in time where the stimulated levels begin to 

decline. Perfused adrenals maintain the high levels for a longer 

period of time. This difference could be due to the different levels 

of ACTH used, 100 ml'/ml in t lie perfusion experiments and 69 mb’/ml in 

the superfusion studies. Both levels of AcTh probably result in 

maximal stimulation of steroidogenesis, although tfie.se concentrations 

of ACTH are certainly murh higher than found under physiological 

conditions. Physiologic levels of ACTH measured in resting intact 

rats has been shown to vary from 2 to 6 microunits/ml of plasma 

(Rees et al, 1971). However, the means by which the ACffl gains access 

to the adrenocortical cells is certainly different in perfusion and 

superfusion from that which occurs in vivo. Maybe only a very small 

amount that is present actually gets to its site of action.
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TABLE XVII. MEAN CORTICOSTERONE OUTPUT PER ADRENAL 
PER HOURi A COMPARISON BETWEEN RAT 
ADRENALS CONTINUOUSLY PERFUSED WITH 
ACTH (100 mU/nal) AND DECAPSULATED 
ADRENAL GLANDS CONTINUOUSLY SUPERFUSED 
WITH ACTH (64 niJ/mD.x

jig CORTI COST KRONE/ADRENAL/HO UR

MINUTES PERFUSION SUPERFUSION
(100 mU/iol) (64 n*J/ml)

0 - 6 0 3.4 5.2

60 -120 3.7 3.4

120-180 5.8 3.0

180-240 4.4 1.9

240-300 3.4 1.4

300-360 2.2

x superfuston data modified from Schulster et al,1970.
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As a result of the great difference in flow rates between 

superfused (45 ml/hour) and perfused adrenals (1.8 to 6,0 ml/hour), 

the superfused adrenals were exposed to a greater total amount of 

ACTH for a given time period than were the perfused adrenals. The 

superfused adrenals were exposed to a concentration of 64 mU ACTH/ml 

of medium which was completely replaced every two and half minutes.

The superfused adrenals were thus exposed to over 2 units of ACTH/ 

hour. The perfused adrenals were exposed to a concentration of 100 nU 

ACTH/ml of medium. At this concentration of AcTH and at the highest 

acceptable flow rate, i.e., 6.0 ml/hourj a perfused adrenal gland 

would be exposed to a maximum dose of 600 mU ACTH/hour. This type 

of comparison points out one of the difficulties encountered in trying 

to compare the perfused rat adrenal with other approaches previously 

used to study rat adrenal glands.

Corticosterone output from adrenal glands continuously per­

fused with ACTH (100 raU/ml ) declines during the later time periods of 

perfusion, A decline in output even in the presence of ACTH has been 

observed from blood-perfused dog adrenals (Urquhart and Li,1968), 

from superfused rat adrenals (Saffran and Rowell, 1969) Huibregtse 

and Ungar, 1970) Schulster et al, 19701 and from rat adrenal sections 

incubated Jji vitro (Birmingham et al, 1968). The question of why the 

response to ACTH falls off when the gland is continually supplied 

with its trophic hormone has been discussed by others (Schulster et 

al, 1970) Birmingham et al, 1968).

One possible explanation is that as the incubation or per­

fusion precedes the tissue deteriorates and irreversible changes 

ensue. This explanation has been discounted in the superfusion
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studies. ACTH given 5 to 7 hours after the start of superfusion 

gave maximum responses which were similar to those observed when ACTH 

was given at the start of the incubation (.Schulster et al, 1970[ 

Saffran et al, 1971). Thus it would appear that adrenal tissue is 

still fully responsive to ACTH for at least 5 to 7 hours. In the 

present study the perfused adrenal responded to ACTII after a 120 min­

ute washout period with KJfbG. Longer periods of perfusion with K.KIX1 

before stimulation with ACTH were not carried out. As previously 

mentioned, some adrenals continuously perfused with ACTH (100 mU/ml) 

maintained high outputs for longer than 9 hours. Hence, perfused 

adrenals also respond to ACTH for relatively long periods of time. 

Another possible explanation for the declining output in the 

presence of ACTH could he the depiction of a steroid hormone pre­

cursor or of some other important component of the steroid biosyn­

thetic pathway. A likely candidate would be adrenal esterified 

cholesterol which is known to greatly decrease as a result of ACTH 

administration (Goodman, 19b5). Gidez and feller (1969) Jiave meas­

ured cholesterol ester concentration in adrenal glands which were 

surgically removed from etherized ("stressed") rats. They found 66 

micrograms of esterified cholesterol per milligram of adrenal tissue. 

This would he more than enough precursor to account for the 2.0 to 

5,8 micrograms of corticosterone put out by adrenals perfused with 

A'"TH (see Table V). , although one does not know hr*# much of the 

cholesterol would he available for hormone hiosynthesis. Birmingham 

and co-workers (1968) believe that the fall cff in steroid output 

from rat adrenal sections exposed to continuous ACTH is due to deple­

tion of a steroid hormone precursor. In this system the decline
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always occurs after approximately 100 micrograms of ultra-violet- 

absorbing steroids have been produced. When decapsulated adrenals 

from hypophysectoraized rats were continuously superfused with increas­

ing concentrations of ACTH (0.61 to 680 mU/ml) a decline in cortico­

sterone output was always observed (Schulster et al, 1970). At any 

time during the S hour superfusion the total amount of B produced 

could be increased by a higher concentration of ACTH. Hence, in this 

study it appears unlikely that the decline observed with lew concen­

trations of ACTH was due to depletion of an essential precursor or 

cofactor.

The factor(s) which contribute to the decline in steroid 

output from adrenal glands continuously supplied with ACTH are not 

known. The decline in output observed in vitro and in perfusion 

experiments may be a result of removal of the adrenal from the environ­

ment which exists in the intact living animal. Hcwever, adrenal glands 

in vivo under "normal physiologic conditions*' also respond to contin­

uous AcTH stimulation with an eventual decline in steroid output.

Detailed investigations to determine the sensitivity of the 

perfused adrenal to ACTH were not carried out in the present study.

Two out of six adrenals responded to 10 mb of ACTH in a way that was 

similar to that observed with 100 mU of ACTH. This may be interpreted 

as a relative insensitivity of the perfused rat adrenal gland to ACTH, 

although other interpretations are possible. The sensitivity of a 

perfused adrenal to ACTH is probably related to the degree of 

pituitary stimulation that the gland was subjected to during its 

surgical preparation for perfusion. Different adrenals might be 

exposed to the stimulatory effects of differing, amounts of endogenous
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ACTH. In a recent study on the ultrastructure of the rat adrenal 

cortex, adrenals were perfused with a fixative for electron micros­

copy (Rhodin, 1971). These "perfused" adrenals from "normal" rats 

showed variations in the number of lipid droplets present in the 

zona fasiculata. This was believed to reflect a difference in the 

degree of stress under which the animal was killed; yet all the 

animals were killed in the same manner (Rhodin, 1971). The sensitiv­

ity to ACTH might differ from one adrenal to another depending on 

the degree of stress and of ACTH exposure that the animal was sub­

jected to before death. Adrenals subjected to intense endogenous 

AcTH stimulation during the surgical preparations might be less 

responsive to addition of ACTH to the perfusion medium. This inter­

pretation could explain the relative insensitivity of some adrenals 

to AcTH as well as explain why some adrenals take more time to respond 

maximally to ACTH than do others (compare figures 16 and 17). 

Insensitivity to ACTH could also result from vasoconstriction with 

concomitant collapse of part of the microcirculation thereby prevent­

ing ACTH from reaching all parts of the gland.

V. Response to prostaglanding

The results of the present study show that pros Lag, land in H2 

(THE?) stimulates corticosterone output by a direct action on per­

fused adrenal glands from Intact rats. The data confirm previous 

work which demonstrated a direct stimulatory effect of pros tag. land ins 

on superfused decapsulated adrenal glands (Flack et al, 1969; Flack 

and Ramwell, 1972).

The perfused adrenal illustrates certain aspects of the 

prostaglandin response which were not observed in the superfusion



system. In the present study, three prostaglandins (PGE2, PGE'i and 

PGF10C ) enhanced steroid output in adrenals from intact rats. In 

the superfusion system, prostaglandin stimulation was not observed 

with adrenals from intact rats. In addition, the response to PGE2 

was no longer significant 12 hours after hypophysectomy (Flack et al,

1971). It Is not at all clear, why adrenals from acutely hypophyseot 

omized rats are required in order to elicit a prostaglandin response 

during superfusion. The differences in response to be discussed 

below might be due to the different types of preparations used, i.e., 

intact versus hypophysectomized. Adrenals superfused with PGE2 

(10 pg/ml) showed a rapid doubling of corticosterone (B) output 

(Flack and Ramwell, 1972). One hour after the addition of the prosta 

gland in, the response was maximalj 3 hours later it had decreased to 

control levels (i.e. a transient response). In comparison, when 

adrenals were continuously perfused with half the above dose of PGE2 

(*> pg PGh’2 + MR indomethacin/ml KRUG) Individual differences in 

response were observed. Increases in B output were followed by 

declines which were not as rapid as those from superfused adrenals 

(see Table IX). Peak responses were observed anywhere from 90 to 

180 minutes. When compared to superfusion with PGE2 or to control 

(3 pg indomethacin/ml KRfx. ) perfusions, relatively high levels of B 

were maintained by PGE2 (see Table X). In most PGE2~perfused adre­

nals, the maximal response was less than a doubling in output except 

in one experiment (2P, Table IX) where there was a <> fold increase.

In general, the superfused adrenal responds to PGE2 with a rapid 

increase (doubling) in output which it appears unable to maintain 

while the perfused adrenal does not increase its output as rapidly
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but can maintain a high level for a longer period of time.

With 9uperfused adrenals the r-' jnse to ACTH decays slowlyi 

this is clearly different from the rapid decay observed with PbE2 »

In general, continuous perfusion with ACTH (see Table V) usually 

results in maintenance of the high initial output for several hours. 

Perfusion with PGK2 elicits an increase in output which rises to some 

peak level (not usually seen with ACTH) followed by a decay which is

more rapid than that observed with ACTH.

The flew rates for the adrenals perfused with b pg re­

mained constant and within an acceptable ran^ofor the duration of the

experiments. This suggests that PCH2 ( b pfi/ml ) was not st imul at ing 

b output through an increase in flow rate. It lias been suggested 

that unsat m  ated fatty acids resulting f rom the hydrolysis of adrenal 

cholesterol esters could he converted into vasodilator prostaglandins 

which could then stimulate steroidogenesis via a mechanism involving 

an increase in blood flow (brant et al, 19BR; Maier and Staehelin, 

19(>8). The data of the present study do not support this hypothesis.

Perfusions carried out with a higher concentrat. i on of I*l.K2 

(10 pp./ml), with (10 pR/ml) and with (10 pig/ml) also

showed stimulation of B output as well as individual variation in 

response (see fables XI, XI1 and XI 11). In some of the studies, 

adrenals were perfused with indomethacin (1 pg/ml KHWi) for 90 min­

utes followed by addition of the prostaglandin to the medium and the 

perfusion continued for varying amounts of time. Most of the adre­

nals responded within f>0 minutes of the addition of the prosta­

glandin (see TablesXII and XIII). The washout period with the indo- 

methacin-contai ning Kllitb appeared to have shortened the lag period.
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It may be that before the prostaglandin can act some inter­

fering substance (perhaps bound ACTH) must be washed from the gland. 

This might be the reason why adrenals from hypophysectoraized rats 

when superfused with PGE2 showed an almost immediate response 

(Flack and Ramwell, 1972).

Prostaglandins , E2 and A have been shown to stimulate 

steroidogenesis in beef adrenal slices incubated _in vitro (Saruta 

and Kaplan, 1972), while PGF^o*- decreased both aldosterone and corti­

costerone synthesis. There appear lo be no other reports pertaining 

to possible effects of PGF^o*- on adrenal steroid synthesis. The 

present study is probably the first report of a stimulatory effect 

of PGFio* on adrenal steroid output. This difference in effect of 

PCFi<^ on beef adrenal slices and in the perfused rat adrenal may be 

related to a species difference or to the different methodology used,

PCE^ and PGE2 at two different concentrations (5 and 10 jig/ral) 

had no effect on control levels of corticosterone output from adrenal 

quarters incubated J_n vi tr o. This shows that there can be differ­

ence! s ) between exposing an adrenal gland to a stimulatory substance 

in a flask and presenting the adrenal with the same substance via its 

vascular channels.

Most adrenals perfused with 10 pg of a prostaglandin (either 

PbEi, FGF.2 or P(iFjo< ) shewed increases in adrenal flew rate which 

were accompanied by stimulation of B output (see figures 27, 28 and 

29), The prostaglandins at the higher concentration used (10 

were the only agents in the present study which led to an increase in 

flow which was directly related to increased B output. Prostaglandins 

of the L series are known to be vasodilators but the vascular effects
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of different prostaglandins depend upon the species and the tissue 

type being studied (Hortor, 1969). The effects of prostaglandins 

on adrenal vasculature in the rat are not known, PGE2 at 5 jog/ml 

stimulated B output from perfused adrenals. An increase in concen­

tration to 10 jig/ml didn't increase the magnitude of the steroid­

ogenic response Imt caused an increase in adrenal flow rate. This 

suggests that at least for 1*0 £2, the only prostag, land in studied at 

two different doses (6 and 10 pg/ml) that the effect on flew rate 

may be a pharmacologic one.

The prostaglandin efiects on adrenal corticosterone output 

described in this study can be summarized as follows*

C l )  FtiK-j , PC,V,2 and I’CFjo* can increase corticosterone output in 

perfused adrenal glands from intact rats.

(2 ) Considerable individual variation exists in the response of 

different adrenal glands to a particular prostaglandin.

(3) Pbt2 ran increase corticosterone output in perfused adrenal 

glands from intact rats without concomitant increase in flow 

rat e.

(6 ) Pt.Fp, and Ft.F IcA at levels of 10 jig/ml increase adrenal

flow rates which are acrompaniod by increases in cortico­

sterone output.

(9) and 1*01-j do not increase corticosterone output from

in vitro~incubated adrenal sections.
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APPENDIX

The importance of ligating venous brandies which empty 

into the adrenal vein} early studies

The importance of ligating branches of the inferior phrenic 

vein and other small veins which empty into the adrenal vein (see 

l.P.V. and (x) figure 3) was not fully appreciated during the early 

stages in the development of this perfusion technique. Hence, the 

early studies were carried out with these veins remaining patent.

Perfusions were first carried out using unsupplemented Krebs 

Ringer bicarbonate glucose (KRikj), The objective of the early studies 

was to determine the rate of corticosterone output. Ten minute 

sample', of venous effluent were collected and analyzed for cortico­

sterone. In later experiments 30 minute samples were collected.

Difficulty was encountered in attempting to obtain an adequate 

output of corticosterone. The values ranged from less than 0.23 Mg 

to 0.30 pg eorticosterone per 1U minutes. This was 3 to 10 fold 

lower than levels previously reported by other workers using conven­

tional _in vitro incuhaLion and superfusion methods (van der Vies, 

lhhOj Birmingham et al, lyofij fait et al, 197U).

figure 33 shows a typical experiment, of this type. cortico­

sterone (it) output is shown as a function of time of perfusion, 

corticosterone output is slightly higher at the start of the per­

fusion (figure 33) but after 30 minutes drops to values, most of which 

are less than 0.10 jog B/10 minutes. In experiments of this type, 

the output often fell below the sensitivity of the fluorometric 

assay method (i.e. below 0,02 gig B/ml).
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ftpure 3 3. Time courses of cart i roster one

output anci f l w  rate for an adrenal 

pland perfused for 3 hours with KJtlib, 

venous tributaries emptying into the 

adrenal vein were not lip,ated.

Ordinate on left depicts i' out put expressed 

in microprams/10 minutes,

ordinate on ripht depicts flow rate expressed 

ae milliliters of effluent collected per 

10 minutes.

Abscissa is time in minutes.

Trianples represent total output of l' in a 

10 minute sample.

Circles represent total volume of a 10 minute 

sample (flow rate),
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After addition of ACTH to the perfusing medium, no stimulation 

of li output was observed in most experiments. In some perfusions a 

high level of ACTH (1000 mU/ml KRUG) appeared to slightly increase the 

output of B and to maintain this increase for 60 to 90 minutes, after 

which the response decayed with time. Such an experiment is shown in 

figure 39. Perfusion for AS minutes with KRBG was followed by expos­

ing the gland to ACTH (1000 mil/ml KRBG ) for another AS minutes. The 

ACTH was then removed and the perfusion continued for 90 minutes with 

KRUG, ACTH appeared to slightly increase B output end to maintain 

this slight increase for 60 to 90 minutes. The experiment also 

suggested that the ACTH effect, persisted for a short period of time 

{ 1 r> minutes) after its removal from the perfusing medium,

figure 35 illustrates another early attempt to stimulate with 

AcTH, Here the gland was perfused for the first hour with KRBG, follow­

ed by two different doses of ACTlif 50 mU/ml KHWl during the second 

hour and 200 mb/ml KhBG during the third and fourth hours. This 

procedure elicited a gradual increase in B output which took about c() 

minutes to reach a maximum level (a five fold increase), and then 

slowly decayed with time.

in neither of these experiments with A'-'TH (figures 3A and 35) 

was it possible to stimulate B output so that it reached the high 

levels usually measured at the start of the perfusion.

The irregular responses to AcTH along, with the very low levels 

of B output indicated that the eaily studies were unsatisfactory. 

Possibly perfusate leaving the gland was being diluted by flow from 

extra-adrenal sources and that the net effect of this was inadequate 

perfusion of the gland. This belief was confirmed by the following.
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I’tRuie 34. Time course of rortirosterone

output for an adrenal p.land perfused 

for 4'j minutes with KRIiO, followed 

by exposure to AdTH (1000 mb/ml KHWi) 

lor 4*3 minutes, The AdTH-containing 

perfusate was then removed and the 

perfusion continued for another 90 

minutes with KKbu,
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Figure ) j. Iime course of corticosterone output 

for an adrenal f>land perfused for to 

minuter with KKHU followed by exposure 

to A TU (. jO mtl/ml KRfW.) for AO minutes, 

the A t l ’H concentration was then i n- 

rreased to 2U0 mb/ml MUsd and the 

perfusion continued for another 2 hours.
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experimentsi after perfusing with Ai.TH (100 mU/ml KJttlO) for two 

hours the adrenal vein was ligated just at the point where it exits 

from the gland (see figure 3A), while continuing the perfusion. This 

experiment is illustrated in figure 36. It can be seen that B output 

was arrested hut that flow of perfusate into the venous cannula 

continued even after ligating the adrenal vein. This confirmed the 
belief that much of the venous effluent was of extra-adrenal origin.

The gland did not respond to AbTH and the output of Ii was low as in 

previous perfusions. The perfusion was continued under these con­
ditions (adrenal vein ligated) for another two hours at which time 

the branches of the inferior phrenic vein and other veins which emptied 

into the adrenal vein were carefully ligated. This completely stopped 

the flew (figure It) ilemonstrat i ng that the glandular effluent was 

being diluted by flow coming from veins which emptied into the adrenal 

ve i n .

This experiment was repeated but all the visible venous branches 

which empty into the adrenal vein were ligated before the start of the 

perfusion. Addition of A'TH (1UU mb/ml KfiiKi) from the start of the 

perfusion increased and maintained a high initial output of B for 

several hours as illustrated in figure 37. or t: i costerone output was 

at least 3 to 7 fold hip,tier than previously observed. After 3 hours 
of perfusion with At Til, the adrenal vein was ligated at its exit from 

the gland and the perfusion continued. As a result, of thi s manipul­

ation the flow decreased about d0':. and the output of B fell to an im­

measurable amount (see figure 37). This type of experiment demon­

strated that under these conditions (ligation of veins which empty 

into the adrenal vein) the adrenal gland is more adequately perfused
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Figure V>, Time courses of corticosterone output 

and (low rate for an adrenal g,land 

perfused with 100 mlJ AcTll/ml KWV;,

After 2 hours of perfusion the adrenal 

vein was ligated at its exit from the 

p,land. Per fusion was continued for 

another 2 hours at which time, all 

visible veins emptying into the adrenal 

vein were ligated.
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Figure 37. Time roursps of rort irosterone output 

and f l o w  rate for an adrenal fland 

perfused with 100 rnU AtTH/ml KfiWi. All 

visible veins emptying into the adrenal 

vein were ligated before ttie start of 

the perfusion. After 3 hours of per­

fusion the adrenal vein was lipated at 

its exit from the f>land and the per­

fusion rnnt.inupd.
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and that the venous effluent is of adrenal origin,

Kxtra-adrenal areas were believed to be perfused when the 

small venous tributaries were left patent. The small tributaries 

drained ttiese (extra-adrenal) areas and emptied into the adrenal vein. 

The net effect was a partially perfused adrenal which would account 

for the low corticosterone output even though the flow rate remained 

within t he desired ranp;e. in all the other studies described in this 

thesis, branches of the inferior phrenic vein and any other visible 

venous tributaries which emptied into the adrenal vein were always 

1 i r.at ed.
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