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CHAPTER I

INTRODUCTION

The adrenal cortex basically consists of three concentrically

arranged cellular zones which are surrounded by a thick connective

tissue capsule ( 1,2 ) . The outer zone is the zona glomerulosa , which

is primarily responsible for the synthesis and secretion of mineralo

corticoids such as aldosterone in response to the renin - angiotensin

system . The two inner zones ; the zona fasciculata and the zona reti

cularis , are thought to be under the control of adrenocorticotropic

hormone ( ACTH ) and responsible for the synthesis and secretion of glu

cocorticoids such as hydrocortisone and small amounts of sex steroids

such as testosterone and estrogen . The cortex is traversed radially

by sinusoidal blood vessels which extend from the medulla to the cap

sule . The medulla , which contains cells forming the other part of

the adrenal gland , is responsible for the synthesis and secretion of

catecholamines in response to neural stimuli ( 1,2 ) .

The study of the functional interaction between ACTH and the

adrenal cortex has progressed quite rapidly since the elucidation of

the structure of ACTH from various animal species , as a 39 amino acid

polypeptide ( 3,4,5,6 ) . The ability to alter the structure of the mo

lecule through chemical modification of the residues of the molecule

( 7 ) , by enzymatic digestion of the polypeptide chain ( 8 ) and by chem
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ical synthesis ( 9 ) has yielded valuable information about the structure

function relationship for ACTH .

Aside from in vivo experimentation , the only other systems de

veloped for studying these relationships in vitro involve the use of

adrenal cortical slices ( 10 ) , adrenal quarters ( 11 ) , and adrenal cell

suspensions ( 12,13 ) . These systems analyze the relative amounts of

steroids produced in response to given doses of the hormone as well

as other parameters such as cyclic AMP production .

Despite the ease with which such assays can be carried out ,

they suffer great shortcomings in their lack of control over the many

variables associated with hormonal stimulation of cells in vitro .

Among the problems encountered , are that the types of cells and the

uniformity of their number in each sample cannot be assessed adequately .

In the case of cell suspensions , the cells may be damaged during the

dissociation process . It has been reported that such cells may give

a deviant response from normal cells ( 14 ) . Furthermore , it is quite

obvious that the environment in which these cells exist is very dif

ferent from what one might find in vivo .

These systems limit the number of biochemical and morphological

observations which can be measured simultaneously from a single sample

and the short - term viability of these preparations also makes it dif

ficult to study changes which occur over more than just a few hours

such as growth and expression of differentiated function . It is there

fore apparent that more sophisticated methods with better controls

over the environment of the cells must be developed in order to study

the effects of hormones such as ACTH on the adrenal gland in greater

detail , which would greatly reduce much of the error involved with
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in vitro study and allow the measurement of a number of parameters

over an indefinite time period , using a single sample .

One possible approach to this problem is through the tissue

culture of adrenal cortical cells . If such cells could be maintained

over long time periods , many questions concerning the effects of ACTH

on the cells of the adrenal gland could be answered , such as its role

in the expression of differentiated function , in growth and the rela

tionship between growth and function . In addition , questions dealing

with the morphological changes associated with hormonal stimulation

as well as on the mechanism of ACTH action on the adrenal gland can

be approached . It is therefore the purpose of this investigation to

establish a cell culture system for the adrenal gland , suitable for

biochemical analysis of responses to ACTH and other hormones as well

as the study of the morphological character of the cells under stimu

lation .

Morphology of the Adrenal Cortex

The adrenal cortex consists of three zones according to the

classification by Arnold ( 15 ) and Gottschau ( 16 ) : the zona glomerulosa ,

the zona fasciculata , and the zona reticularis . The zona glomerulosa

contains about 15 % of the total cortical volume and is generally seen

as clusters of columnar cells with deeply staining nuclei and 1-2 nu

cleoli . Most of the cells have very little lipid , although there is

a well - developed system of agranular endoplasmic reticulum present .

Most of the cells also contain a moderate amount of granular endoplasmic

reticulum and varying amounts of free ribosomes in the cytoplasm . The

mitochondria of these cells are spherical in the rat and contain dis
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tinct internal structures called cristae , which are tubular in shape .

An example of such a cell and its mitochondria can be seen in plate l .

Continuous with the zona glomerulosa is the zona fasciculata

which composes the greatest portion of the cortical volume . The poly

hedral cells of this zone comprise approximately 78 % of the volume of

the cortex and are arranged in long cords projecting radially from

the medulla . The nucleus is central to these cells and contain 1-2

nucleoli . There is an abundance of lipid in these cells and the agra

nular endoplasmic reticulum is extremely well - developed . The mitochon

dria tend to vary in size and shape and their internal structure is

distinctly different from that seen in glomerulosa cells . The mito

chondria of these cells contain a vesicular internal structure compared

to the tubular structure of the zona glomerulosa . This difference can

be seen by comparing plate 2 to plate 1 .

The zona reticularis , the innermost zone composes about 7 % of

the cortical volume . Compared to the regular arrangement of cells in

the zona fasciculata , the cells of this zone form an irregular network

of cell cords . They do not however , differ very much from the adja

cent zone in their ultrastructure . There is still an abundance of

agranular endoplasmic reticulum , although less lipid may be present

in these cells .

In the rat and certain other species , there may also be a thin

zone between the zona glomerulosa and the zona fasciculata called the

zona intermedia or the sudanophobic zone ( 17 ) . The cells of this zone

contain moderate amounts of agranular endoplasmic reticulum and a small

amount of lipid may be found . The mitochondria of this zone contain a

tubulo - vesicular internal structure and are small and rounded ( 18 ) .
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PLATE 1

Transmission electron micrograph of an adrenal cortical

cell in medium containing 1 mu / ml of ACTH from the beginning

of culture to day 11 . X 20,000 .

PLATE 2

Transmission electron micrograph of an adrenal cortical

cell in medium containing 100 mu /ml of ACTH which was added

on day 7 of culture until day ll at which time the cells were

fixed . x 15,000 .
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PLATE 1

PLATE 2
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They are distinct from those found in the zona glomerulosa in that the

microvesicles found internally are quite short . However , like the

zona glomerulosa , the cells of this zone contain numerous free ribo

somes .

Review of Literature on the Tissue Culture
of the Adrenal Gland

Basically , tissue culture can be classfied into three catego

ries : 1 ) tissue culture , where small fragments of tissue are excised

and maintained in culture medium ; 2 ) organ culture , where small segments

of organs are removed and maintained as explant cultures ; and 3 ) cell

culture , where cell suspensions are made from the tissues and maintained

attached to the surface of culture vessels such as petri dishes .

The original experiments dealing with the maintenance of tis

sues outside of the body were done by Ross Harrison ( 19 ) in 1907 , who

observed the growth of nerve fibers from embryonic frogs for a period

of weeks . However , the first observations on endocrine organs in cul

ture were made by Carrel and Burrows ( 20 ) in 1910 . In these experiments ,

various tissues including fragments of the adrenal gland were taken

from dogs , cats and frogs and aseptically placed into medium containing

plasma from the animal from which the tissue was derived . It was found

that the growth of the tissue in culture was largely dependent upon

both the age of the animal and the organ it was derived from . In ge

neral it was found that cellular proliferation in these cultures va

ried inversely with the age of the animal . Following these experiments ,

other investigators succeeded in culturing adrenal tissue from rats

( 21,22 ) , rabbits ( 23,24,25 ) , and cows ( 26 ) . Data derived from these

cultures tended to support the initial observations of Carrel and Burrows .
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The use of organ cultures began in 1939 when Baker and Carrel

( 27 ) successfully cultivated cat adrenals in artificial medium for

periods ranging from 3 days to 3 weeks , although rapid degeneration

of portions of the gland were noted after a short time . Following

this work , other investigators were also able to culture the adrenal

glands of rats ( 28,29,30 ) , bats ( 31 ) , hamsters ( 32 ) , and guinea pigs

( 33 ) for varying periods of time .

The initial studies of the effects of ACTH on the adrenal gland

in culture were carried out by Schaberg ( 34 ) in 1957 using organ cul

tures of rat adrenals . He noted that morphological changes in corti

cal cells occurred when they were incubated in the presence of fragments

of the anterior lobe of the hypophysis and ACTH . This led to the hy

pothesis that a transformation of the glomerulosa cells to fasciculata

cells was occurring .

More recently , Kahri ( 18 ) using tissue cultures of the adrenals

of fetal and newborn rats , initiated a series of studies dealing with

the histochemistry and ultrastructure of adrenals cells in response

to ACTH . In these cultures , he observed the outgrowth of mesenchymal

cells such as fibroblasts and macrophages , medullary cells and the epi

thelial cells of the adrenal cortex .

Concerning the epithelial cells , he observed only two types

of cells in the absence of ACTH in the media . One type resembled the

cells of the zona glomerulosa with mitochondria containing tubular

internal structure , little agranular endoplasmic reticulum and many

free ribosomes in the cytoplasm . The other type of cell observed was

similar to the type found in the zona intermedia , which has been men

tionned earlier , with mitochondria which are small and rounded and
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which contain a tubulo - vesicular internal structure .

Following administration of ACTH for 6 days in vitro , he noted

that the glomerulosa - like cells remained unchanged , but that the struc

ture of the intermedia - like cells had changed to that resembling cells

of the zona fasciculata , complete with increased amounts of agranular

endoplasmic reticulum and mitochondria with vesicular internal struc

ture . He went on to suggest that ACTH was responsible for this trans

formation .

Milner ( 35 ) then showed that many of these effects induced by

ACTH could also be induced by the addition of exogenous cyclic AMP to

rat adrenal cultures . She did however note that clear differences

existed between ACTH - stimulated cells and cyclic AMP - stimulated cells .

While ACTH led to an increase in cell size , increases in the number

of spherical mitochondria and the development of microvilli , none of

these changes were observed in the presence of cyclic AMP . Cells ap

peared to be variable in size and contained elongated mitochondria .

Very few microvilli were observed .

Successful attempts at the cell culture of adrenal glands were

made by O'Hare and Neville ( 36 ) in 1972 . Adult male rats were used

and the cells which were mainly epithelial cells and fibroblasts were

maintained for period of up to 4 months . In the system described , a

confluent monolayer was usually achieved within 7 days of the initial

plating at which time 35-50 % of the cells were estimated to have at

tached . Cultures grown the presence of ACTH were found to spread more

slowly and failed to reach confluence under most circumstances . It

was noted that , once a monolayer was achieved , ACTH and cyclic AMP

caused a marked retraction of the cells on the plate . Upon removal
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of the hormone or the nucleotide , it was found that the cultures be

gan to spread again , eventually reaching confluence .

Studies on the steroid output of these cells in response to

ACTH and to cyclic AMP were reported in a subsequent paper ( 37 ) . It

was found that the major steroid produced by the cultures in cortico

sterone which is secreted at a steady rate of approximately 12 ug / 106

adrenocortical cells / day , under maximal stimulation by ACTH . It was

also found that cyclic AMP and its dibutyryl derivative were also ef

fective in stimulating steroidogenesis . Studies on the metabolism of

steroids by these cultures were subsequently published ( 38 ) . In the

presence of ACTH corticosterone , 18 - hydroxydeoxycorticosterone and

deoxycorticosterone were found to be present , however in the absence

of exogenous ACTH only trace amounts of these steroids were found .

Instead , progesterone , and other steroid intermediates were found to

be present in measurable amounts . In measuring the enzyme activity

under these conditions it was found that the 5 - ene - 3B - hydroxysteroid

dehydrogenase - isomerase and 18 -hydroxylase activities were reduced ,

but still present . However , the 21 - hydroxylase activity is almost

completely lost when ACTH is omitted .

In a later study O'Hare and Neville ( 39 ) also conclude that

there is no proliferative activity in confluent cultures of adrenal

cortical cells , in the presence or absence of ACTH . They found that

cells in dilute culture did proliferate until confluency was achieved ,

but that ACTH and cyclic AMP could inhibit this proliferation .

Other investigators have subsequently succeeded in culturing

the cells of the adrenal gland . Armato and Nussdorfer ( 40 ) have re

ported the culture of adult rats and Roos ( 41 ) has reported the main
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CHAPTER II

THE DISSOCIATION OF ADRENAL GLANDS

The use of trypsin and other enzymes in cell dispersion tech

niques has recently become subject to question due to the findings

of several investigators ( 42,43,44 ) that proteolytic digestion of sus

pensions of hormone - sensitive cells can lead to an altered respon

siveness to a given hormone . The possibility that this treatment may

also lead to transformation of growth and functional characteristics

of the cells is also open to question due to the work of Nicolson ( 45 )

who showed that a modification of cell surface structures may be ef

fected by proteolysis . It is therefore important , in the preparation

of a cell suspension for use in tissue culture , to do as little damage

as possible to the cells in order to retain control over the experi

ment .

The effects of trypsin on the fat cell response to insulin has

been investigated in some detail ( 42,43,46,47,48,49 ) . The main effect

reported in these studies is that the cells are much less sensitive

to stimulation following treatment with the enzyme at a concentration

of 1 mg / ml for 1 hr at 37 ° C. Cuatrecasas ( 44 ) has shown that both

insulin binding and function in isolated fat cells can be altered fol

lowing treatments with trypsin , k - chymotrypsin or papain . He also

showed ( 50 ) that phospholipase A and phospholipase C digestion of fat
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cells can lead to a potentiated response to insulin . These results

indicate that a modification of cell surface structures may be occurring

or that a physical inhibition of cell - hormone interaction may be a re

sult of enzymatic digestion with trypsin . Therefore , it is important

to know the effects of certain proteolytic enzymes on suspensions of

adrenal cells which will eventually be used for culture in order to

select the most effective treatment for tissue dissociation .

Preparation of Adrenal Cell Suspensions
for in vitro Assay

Adrenal cell suspensions were prepared according to published

procedures ( 51 ) , with slight modification . Adult male Sprague - Dawley

rats ( 300-400 gms ) were anesthetized with Nembutal and the adrenals

removed from surrounding fat . The glands were then decapsulated and

minced , then placed in a 50 ml capped polypropylene tube containing

Krebs - Ringer bicarbonate buffer with 1 mg / ml glucose RBG ) . Crude

collagenase ( 4 mg / ml , Worthington ) was then added and the mixture gassed

with 02 - CO2 ( 95 % / 5 % ) , capped , and incubated for 30 minutes at 37 ° C

in a gyratory water bath . The collagenase solution was then decanted

and 5 ml of fresh KRBG with mg / ml purified bovine serum albumin

( KRBG - BSA ) was added to the fragments . The tissue was then repeatedly

drawn through a 15 " piece of tygon tubing ( 1/8 " inside diameter ) mounted

on a 3 ml sterile plastic syringe . Fragments were allowed to settle

and the cells in the supernatent transferred through 2 layers of cheese

cloth into another 50 ml polypropylene tube . Five ml of KRBG - BSA was

then added to the fragments and the procedure repeated . This was con

tinued until the tissue was completely dissociated . The cells were

then collected by centrifugation , washed and resuspended in an appro
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priate volume of KRBG - BSA which is then distributed in equal aliquots

to tubes .

Source of ACTH

Ovine ACTH was isolated and purified by the method of Pickering

and others ( 52 ) . The activity of the hormonal preparation was equal

to 170 iu / mg of material . The hormone was dissolved in 10-3 N HCl

and stored at 0 ° c .

Incubation with ACTH

Following the resuspension of the cells , 0.9 ml of the suspen

sion was added to 12 ml polyethylene tubes . ACTH was then added to

the tubes in 100 ul of 10-3 N Hcl . The tubes were then incubated for

2 hrs at 37 ° C in a humidified 02 - c02 ( 95 % / 58 ) gaseous environment .

These experiments were carried out in triplicate .

Measurement of corticosterone

Corticosterone was measured by the method of Peterson ( 53 ) .

Following the 2 hr incubation , the cells and medium were transferred

to 12 ml glass - stoppered centrifuge tubes with l ml of 20 % ethanol in

saline . Five ml of dichloromethane was added and the solution vortexed

vigorously for 15 seconds after which an emulsion usually formed .

The phases were separated by freezing the samples for several hours .

After thawing , the aqueous layer was removed and 2 ml of an absolute

ethanol - concentrated H2SO4 ( 75 : 175 v / v ) mixture was added . The mix

ture was then vortexed for 15 seconds and the fluorescence allowed

to develop for 1 hr . The samples were then read on a Turner Fluoro

meter with 3 barrier filters excluding wavelengths below 455 , 460 ,
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and 510 millimicrons respectively . Maximal excitation occurred at

470 millimicrons and the emission maximum , at 525 millimicrons .

Incubations with Trypsin

Following distribution of cells to the tubes , 100 ng of trypsin
-3

in 10 NHCl was added to half of the tubes in a volume of 50 ul and

the incubations allowed to proceed for another 20 minutes at 37 ° c in

the same humidified gas mixture described earlier . Tryptic digestion

was terminated by the addition of 100 ng of Lima Bean trypsin inhibi

tor ( LBI , Worthington ) in KRBG to all of the tubes in a volume of 50

ul . This amount of inhibitor is more than sufficient to inhibit the

action of the enzyme . Cells which did not receive trypsin initially

were then given the enzyme after the inhibitor was added . The hormone

was added at this point and the experiment carried out as described

above under Incubation with ACTH .

Incubation with Neuraminidase

The cells were distributed equally to two 50 ml capped polypro

pylene tubes and neuraminidase ( Worthington ) added to one of the tubes

such that the concentration in the medium was 20 mu /ml . Both tubes

were incubated for 30 minutes . The cells were then collected by cen

trifugation and washed twice with KRBG - BSA to remove the neuraminidase .

The cells were then resuspended and the cells distributed to tubes .

ACTH was then added and the experiment carried out as described above .

Results of Tryptic Digestion

Initially , it was found that when adrenal cell suspensions were

incubated in the presence of trypsin , the steroidogenic capacity of the
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cells was reduced at low concentrations of ACTH , but not at higher

levels as shown in figure 1 . The maximal response given was between

1-2 ug / ml of corticosterone in cells stimulated immediately after

digestion .

Kono ( 47 ) has reported the partial regeneration of the fat cell

response to insulin following tryptic digestion and consequently an

attempt at regenerating the adrenal cell response to ACTH following

tryptic digestion was made .

Following trypsinization , the reactions were terminated with

LBI and the cells allowed to re - incubate under gas for 60 minutes be

fore the addition of the hormone . The results given in table 1 indi

cate that the steroidogenic capacity of the cells could be restored

following re - incubation .

It was noted however , that a highly viscous material was pre

sent following the tryptic digestions , which caused the cells to clump ,

and that it was not as prevalent following re - incubation procedures .

Steinberg ( 54 ) has suggested that this substance might be composed of

deoxyribonucleoproteins . For this reason , DNAase was used to see if the

tryptic response pattern was due to this material .

Following tryptic digestion , 100 ng of LBI or LBI + 50 ng of

DNAase (Worthington ) was added to the cells in 50 ul of KRBG . Following

a 15 minute incubation at 37 ° C , ACTH was added and the experiment car

ried out as described above . Figure 2 shows the results of this ex

periment . The addition of DNAase resulted in an equivalent or greater

response to ACTH over the untreated controls . DNAase by itself was shown

to have no effect on steroidogenesis in non - trypsinized cells , indicating

that collagenase used in the digestion buffer was not causing the sig
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TABLE 1

No Reincubation Reincubation

ACTH ( ng ) Trypsin % Max Response Difference % Max Response Difference

0.01 + 12 %

0.01 - 20 % 8 %

0.10 + 18 % 54 %

0.10 52 % 34 % 50 % 4 %

1.00 + 19 % 98 %

1.00 - 92 % 73 % 88 % 10 %

10.00 + 78 % 94 %

10.00 100 % 22 % 90 % 4 %

100.00 + 98 %

100.00 - 88 % 10 %
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nificant release of DNA material .

In order to determine the extent to which DNA was responsible

for the observed effects , 0.1 ug / ml or 1.0 ug / ml of sperm DNA (Nutri

tional Biochemical Company ) was added to the cells . The cells were then

incubated for 15 minutes at 37 ° C under the same conditions described

above for re - incubations . Following this step , ACTH was added and the

experiment continued as usual . The results which show the inhibitory

effect of DNA are shown in figure 3 . The amount of attenuation is less

than is observed under previous experimental conditions even though

the amount of DNA present is greater than the amount which could be

accounted for by the total cell population in 1 ml . This indicates

that the response following tryptic digestion is due to the combined

effect of DNA and its associated proteins which have been liberated

from the cell .

Results of Neuraminidase Digestion

It has been reported by Cuatrecasas and Illiano ( 55 ) that

Neuraminidase can inhibit the fat cell response to insulin . Peron

and his co - workers ( 56 ) , have also reported the attenuation of the

adrenal cell response to ACTH following digestion with this enzyme .

In order to further pursue the question of the effects of different

enzymes on the adrenal cells , treatment with neuraminidase was carried

out to determine if the results might be due to DNA and any glycopro

tein material . The effect of neuraminidase on the adrenal cell response

to ACTH is shown in figure 4 which confirms the data published by Peron

et al ( 56 ) describing the inhibiting effect of this treatment .
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Following treatment with neuraminidase and prior to the addition

of ACTH , DNAase was added to the tubes . The results of this experiment

which demonstrated that little or no difference existed as a result

of treatment with DNAase , are shown in figure 5 . The results indicate

that the observed attenuation is not due to the physical presence of

deoxyribonucleoprotein material as in the case of the trypsin experi

ments , but that an alteration of the cell surface may be occurring .

Conclusion

Three enzymes commonly used in cell dissociation procedures

were employed at some time during the experimentation : collagenase ,

trypsin , and neuraminidase . Because of the likelihood that neuramini

dase is affecting the cell surface , it was a poor choice as a dissociating

enzyme for tissue culture preparations . Because of the effects of trypsin

in causing the appearance of deoxyribonucleoprotein material which is

probably coming from damaged cells , it was thought that this was much

too severe a treatment for these experiments . Since collagenase had

been used routinely with little problem , this enzyme was selected for

use in the dissociation procedure . DNAase addition to these cells did

not produce a higher responsiveness to the hormone .

Because of the effects of DNAase on the cell suspensions , it

was decided that this enzyme would also be used to insure a free sus

pension of cells . Such a suspension would be difficult to obtain if

DNA material from broken cells were liberated into the medium during

the dissociation procedure .
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CHAPTER III

MATERIALS AND METHODS IN THE CULTURE

OF ADULT RAT ADRENAL CELLS

Method of Cell Dispersion

The method of dispersion is similar to that outlined in chap

ter II . Male Sprague - Dawley rats ( 300-400 gms ) were anesthetized with

Nembutal and the adrenals and surrounding fat excised aseptically from

the animal . The glands were then trimmed of surrounding fat , bisected

and decapsulated . The tissue was minced and washed in phosphate buf

ferred saline ( PBS ) until the digestion process was initiated . The

tubes containing the tissue were gassed with 02 -CO2 ( 95 % / 5 % ) , and di

gested in collagenase ( 4 mg / ml , Worthington ) in Dulbecco's Modified

Eagle Medium ( GIBCO ) with 15 % fetal calf serum ( GIBCO ) , for 1 hr at

37 ° C in a gyratory water bath . The time of incubation with collagen

ase was lengthened from 30 minutes to 60 minutes to insure that most

of the connective tissue was digested away in order to minimize the

shearing forces resulting from mechanical dispersion to follow . The

tissue was dispersed by aspirating it through a piece of tygon tubing

as described previously . The media and cells were then collected by

filtering through a double layer of cheese cloth into 50 ml polypro

pylene tubes . The cells were then collected by centrifugation and

incubated in Dulbecco's Modified Eagle Medium containing 15 % fetal
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calf serum and 1 mg /ml DNA se ( Worthington ) for 15 minutes at 37 ° C.

The cells were washed twice to remove the DNAase and resuspended in an

appropriate volume of medium .

Culture Methods

The methods used for culture are similar to those of O'Hare

and Neville ( 36 ) . The cells are suspended in Dulbecco's Modified

Eagle Medium containing 15 % fetal calf serum and 100 iu / ml penicillin

and 100 ug /ml streptomycin ( GIBCO ) . The cells were plated at a density

of approximately 4-5 x 105 cells / cm2 , on plastic petri dishes ( 10 cm2 ) .

Exclusion of trypan blue , indicated that about 80-90 % of the cells were

viable in these suspensions . After plating , the cells were incubated

in a humidified environment of 5 % CO2 in air . After 48 hrs in culture ,

the medium was replaced and it was found that between 30-50 % of the

cells were attached at this time . Thereafter , the medium was changed

every 2 days .

Steroid Measurement

Steroids were measured by the method of Peterson ( 53 ) with mo

difications . One ml of medium was taken and placed in a 12 ml glass

stoppered centrifuge tube together with 1 ml of 20 % ethanol in saline .

Seven ml of dichloromethane was added and the mixture vortexed vigo

rously for 15 seconds after which time a very thick emulsion formed .

The tubes were frozen for several hours and in certain instances re

frozen after thawing due to the thickness of the emulsion . After the

tubes had thawed completely , the aqueous layer was removed and l ml

of the dichloromethane extract was placed in a 10 ml glass test tube .

Two ml of absolute ethanol - concentrated H2S04 ( 75 : 175 v / v ) was then
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added to the tubes . The mixture was allowed to develop for 60 minutes

at room temperature and the dichloromethane layer was then removed .

The acid extract was then read on a Turner fluorometer under the conditions

outlined in chapter 2 against corticosterone standards . In certain in

stances it was necessary to dilute the sample . In these cases , l ml of

the acid extract was taken and diluted with the ethanol - sulfuric acid

mixture , mixed and read on the fluorometer .

Microscopy

Materials and methods for this section were kindly provided by

Dr. John Long of the University of California , San Francisco Anatomy

Department , as were the photomicrographs found in this thesis .

Nomarski Interference Contrast Microscopy

In order to facilitate viewing under this microscope , the cells

were grown attached to glass or plastic coverslips . The coverslips

were washed in saline and inverted on a microscope slide . The slide

plus coverslip were then viewed with Nomarski optics ( Zeiss ) and pic

tures taken on Polaroid PN / 55 film .

Fluorescence Microscopy

The method employed for the identification of medullary cells

in the cultures was a formaldehyde - induced fluorescence method ac

cording to Grillo et al ( 57 ) . The cells on coverslips were dried un

der hot air , exposed to formaldehyde vapors at 80 ° C for 1 hr under

controlled humidity and then mounted on slides and viewed under the

fluorescence microscope . Pictures were taken on Kodak Tri - x film .
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Scanning Electron microscopy

The coverslips or dishes containing cells were rinsed twice

in 0.9 % NaCl at room temperature , then fixed for approximately 12 hrs

in 3 % glutaraldehyde ( Polysciences , Inc. ) , bufferred in 0.1 M sodium

cacodylate buffer , dehydrated in graded concentrations of ethanol and

dried by the critical point method ( 58 ) . Approximately 10-15 nm of

gold was then evaporated on to the cells which were then examined in

a Cambridge Instrument Company " Stereoscan " S - 4 scanning electron mi

croscope at an accelerating voltage of 10 or 20 kV .

Transmission Electron Microscopy

The cells were washed and fixed as described above , then dehy

drated in graded concentrations of ethanol and embedded in Epon . Thin

sections were cut with a diamond knife , stained with uranyl acetate

and lead citrate and examined in a Hitachi HS - 8 electron microscope .
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CHAPTER IV

RESULTS ON THE CULTURE OF ADULT RAT ADRENAL CELLS

As mentioned , approximately 30-50 % of the plated cells were

firmly attached by the 48th hour of culture . Beyond this point , there

was no significant increase in attachment . In the initial suspension

it was found that although single cells were present , clumps of 2 or

more cells were present in much greater quantity . The time at which

the plated cells reached confluency was largely dependent on the num

ber of cells present initially . Confluency was usually achieved be

tween the 6th and 9th days at the density of the cell inoculum . At

this point it must be noted that the outer regions of the plate were

never found to be fully confluent as were the central regions . This

seems to indicate a limited capacity for growth by these cells . The

cells were kept in culture and were capable of being stimulated for

at least one month . The cultures were usually used for experiments

by this time and thus the length of time the cells can remain viable

in culture is not yet known . O'Hare and Neville ( 36 ) reported that

their cultures from somewhat younger animals remained viable for at

least 4 months . Plate 3 and plate 4 are examples of confluent mono

layers found after ll days of culture . In an atmosphere of 5 % CO2

in air , the cultures were found to maintain a pH of about 7.6 .
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PLATE 3

Plate 3 is an example of a typical monolayer found

in this culture system . Exogenous hormone was never added

to these cultures . On day ll of culture , the cells which

were grown on the surface of a coverslip were viewed with

Nomarski optics . x 250 .

PLATE 4

Plate 4 is an example of a typical monolayer found in

this culture system , which is extremely dense . Exogenous

hormone was never added to these cultures . On day ll of cul

ture , the cells which were grown on the surface of a cover

slip were viewed with Nomarski optics . X 250 .



29

PLATE 3

PLATE 4
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Morphology of Adult Rat Adrenal Gland
Cells in Culture

The cells found in these cultures were quite heterogeneous .

Adrenal cells with rounded nuclei and one or two nucleoli were present

as seen in plates 5 and 6 . Note the relatively large and numerous

lipid droplets present in these cells as well as the central location

of the nucleus . The cells appeared to be quite flat and without a de

finite shape as seen in plate 7 . The cell in the center of the field

has undergone extensive flattening . Also present in the cultures were

fibroblasts which were identified on the basis of their elongated nu

clei and multiple nucleoli . These cells were also found to ve lipid

present in isolated instances . Examples of these cells are seen in

plate 8 .

Medullary cells were also found to be present in the cultures

and were identified by the formaldehyde - induced fluorescence method

described earlier . In plates 9 and 10 , different magnifications of

the cells under the fluorescence microscope are shown . The very

brightly fluorescing cells with large dark nuclei are the medullary

cells . Other fluorescent material is probably due to the adrenal cor

tical cells with lipid which is autofluorescing . Any other faint ma

terial which appears is probably due to fibroblasts which may contain

a small amount of lipid and which are also autofluorescing .

Ultrastructure of Adult Rat Adrenal Gland
Cells in Culture

At the ultrastructural level , the cells were found to have si

milar characteristics to those found in vivo . Plate il shows an ex

ample of a fibroblast and an adrenocortical parenchymal cell with tu
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PLATE 5

Plate 5 is a photomicrograph taken with Nomarski optics .

The cells were grown on the surface of coverslips for ll days .

Exogenous hormones were never administered . X 700 .

PLATE 6

Plate 6 is a photomicrograph taken with Nomarski optics .

The cells were grown on the surface of coverslips for ll days .

Exogenous hormones were never administered . X 620 .
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PLATE 5

PLATE 6
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PLATE 7

Plate 7 is an example of an adrenocortical cell found

in this culture system after ll days . The cells were grown

on coverslips and viewed with Nomarski optics . X 620 .
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PLATE 7
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PLATE 8

Plate 8 presents examples of what appear to be fibro

blasts as viewed with Nomarski optics . The cultures were

maintained for ll days in the absence of exogenous hormones

on the surface of coverslips . X 530 .
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PLATE 8
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PLATE 9

In this photomicrograph taken with a fluorescence mi

croscope , medullary cells are being identified by the induced

fluorescence method described by Grillo et al ( 57 ) . The cells

were grown in the presence of 100 mu / ml of ACTH from day 7

to day ll of culture . X 125 .

PLATE 10

At a higher magnification , medullary cells are being

identified by the induced - fluorescence method described by

Grillo et al ( 57 ) and viewed with a fluorescence microscope .

The cells were grown in the presence of 100 mu / ml of ACTH

from day 7 to day ll of culture . X 340 .
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PLATE 9

PLATE 10
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PLATE il

An example of a fibroblasts and an adrenocortical cell

taken with the transmission electron microscope are shown .

Cells were grown in the presence of l mu / ml of ACTH for il

days of culture , then were fixed . X 7700 .
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PLATE ll
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bulo - vesicular mitochondria . The agranular endoplasmic reticulum is

poorly stained , but it is present within the cortical cell . The re

latively small amount of lipid present and the shape and internal struc

ture of the mitochondria , would tend to indicate that this cell is

probably a cell like those found in the zona intermedia .

The fibroblast has abundant granular endoplasmic reticulum as

is typical of such cells . An artifact of the tissue culture is that

the Golgi apparatus which appears in the center of the field is quite

swollen . Also present within the field is a bit of nucleus , some ly

sosomes and a few mitochondria , all of which are unremarkable .

Plate 12 shows a cortical cell with two medullary cells adja

cent to it . Note the presence of lipid in the cortical cell which ap

pear as pale areas within the cell . Also note the numerous mitochon

dria present containing a tubulo - vesicular internal structure .

The medullary cells are recognized by the presence of chroma

ffin granules . Norepinephrine - secreting cells contain a dark granule

within an unfilled vesicle , while epinephrine - secreting cells contain

a pale granule completely filling the vesicle . Therefore , both cells

pictured are likely to be norepinephrine - secreting cells , based on the

electron density of their granules . Also within the field are numer

ous mitochondria , the nucleus and a few lysosomes .

Morphology of Cells Stimulated by ACTH

ACTH ( 100 mu / ml ) was added to the cultures in 100 ul of 10-3 N

HCl . After 96 hrs of exposure to ACTH , the cells which had been sti

mulated exhibited a marked change in morphology . It was found that

the confluent monolayer previously observed was no longer present ,
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PLATE 12

Plate 12 is a transmission electron micrograph of an

adrenocortical cell with two medullary cells next to it .

The cells were maintained in the presence of l mu / ml of

ACTH for ll days of culture at which time , the cells were

fixed . X 8000 .
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but that the epithelial cells had retracted to leave intercellular

spaces and multiple processes extending outward . This change can be

seen most dramatically at low magnification . An example is shown on

plate 13 , and at higher magnification on plate 14 . Both photographs

were taken with Nomarski optics . It is no known whether the pro

cesses serve any function , however it does appear that these pro

cesses do result from hormonal stimulation . Another example of a sin

gle epithelial cell with its multiple processes is shown in plate 15 .

Following stimulation with ACTH at this dose level , the cells

appeared to contain slightly greater amounts of lipid , however the

amount of lipid present in the cells at a concentration of l mu / ml or

10 mu /ml of ACTH was greater than at 100 mu /ml . An example of this

can be seen in plate 16 which shows a few cortical cells with a large

number of lipid droplets present . These cells were stimulated at dose

levels of l mu / ml . It is important to note also that these lower doses

of the hormone , while causing the formation of greater amounts of lipid ,

did not cause the cells to retract as the higher dose does . The sig

nificance of this is not yet known .

Steroidogenesis in Adult Rat Adrenal gland
Cells in Culture

On day 7 of culture , 100 mu / ml of ACTH was added to the cultures

and 96 hrs after this addition , the medium was removed and assayed

for steroids . It was found that a considerable amount of steroid was

produced during this time as can be observed in figure 6 . Upon cha

racterization of the steroids by thin - layer chromatography using silica

gel plates in a 95 : 5 % chloroform -methanol solvent system , it was found

that the major steroid produced was corticosterone .
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PLATE 13

The cultures were grown in the presence of 100 mu /ml

of ACTH from day 7 to day ll of culture , The cells were then

viewed with Nomarski optics . x 260 .

PLATE 14

The cultures were grown in the presence of 100 mu / ml

of ACTH from day 7 to day ll of culture . The cells were then

viewed with Nomarski optics . X 620 .
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PLATE 13

PLATE 14
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PLATE 15

Cultures were grown in the presence of 100 mu / ml of

ACTH from day 7 to day 11 . The cells were then viewed with

Nomarski optics . X 530 .
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PLATE 15
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PLATE 16

Cultures were grown in the presence of mu / ml of ACTH

from plating to day ll of culture . The cells were then viewed

under Nomarski optics . X 530 .
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PLATE 16
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Effects of Maintenance Doses of ACTH
on Cell Sensitivity

Once it had been established that these cells were viable and

functional , an investigation of the role ACTH may play in their func

tion was initiated . It is known ( 59,60 ) that upon hypophysectomy of

rats , the zona fasciculata and the zona reticularis atrophy and the

zona glomerulosa thickens to some degree . It is also known that the

zona intermedia exhibits hyperplasia under these circumstances . With

respect to the adrenal cell sensitivity to ACTH , Liddle et al ( 61 )

have shown that by 24-48 hrs following hypophysectomy , the cells be

come extremely refractile to ACTH stimulation .

The cells of these adrenal cultures are essentially being main

tained in the absence of ACTH except for that which may be present in

the serum , which is quite low ( 36 ) . The question therefore arose as

to whether the cells in this system might be insensitive to ACTH sti

mulation initially and then regain their sensitivity to produce a max

imal response as do the cells in vivo following exogenous administration

of ACTH following hypophysectomy .

Cells were grown for 6 days in the presence of l mu /ml of ACTH

and then 100 mu / ml of ACTH was added to half of the cultures . The me

dium was extracted with dichloromethane 96 hrs later and assayed for

steroid . The results of this experiment are shown in figure 7 . No

apparent gain in maximal stimulation was found when compared to other

cultures which had not been given ACTH treatment at the outset .

However , maximal stimulation may not reflect any changes in the

sensitivity of the cells , for any lag in the initial rate of steroid

production may be compensated for by increases in the rate at a later
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point . It thus became necessary to measure the production of steroids

daily for 4 days under conditions where ACTH was present and where

cells had been grown with no exogenous ACTH being present for time

periods which would allow the loss of sensitivity to the hormone .

Figure 8 shows the results of two experiments . In the first ,

the cultures were grown in media containing 1 mu / ml of ACTH . On day

7 of culture , 100 mu / ml of ACTH was added to half the cultures . Sam

ples were taken at 24 , 48 , 72 , and 96 hrs and assayed for corticosterone .

In the second experiment , cultures which received no ACTH for 26 days

were stimulated with 100 mu / ml of ACTH on the assumption that ACTH sen

sitivity would be lost or reduced by this time . Samples were taken at

24 , 48 , 72 , and 96 hrs and assayed for corticosterone . In both cases ,

controls were never given exogenous hormones .

In the cells which had received ACTH from the time of plating ,

an immediate response to 100 mu / ml of ACTH was found which increased

linearly for 4 days . The cells which had not been given any ACTH for

26 days showed an initial lag which disappeared after the first 24 hrs

of exposure to the hormone . It is therefore likely that the situation

created by the culture of these cells was one similar to that induced

by hypophysectomy in the intact animal .

It is therefore important in the interpretation of results to

consider the length of time that cells have been kept in culture and

the conditions under which they have been kept . It may be necessary

under certain circumstances to prime the system in some way to prepare

the cells for study in order to have them in a state comparable to that

which would be present in vivo .
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Steroid Production in Response to
O -Nitrophenyl Sulfenyl ACTH

It has been reported that o -nitrophenyl sulfenyl ACTH ( NPS - ACTH )

can elicit a maximum steroid response equivalent to that produced by

ACTH , though not inducing the formation of great quantities of cyclic

AMP found with ACTH stimulation ( 51 ) . Although cyclic AMP levels were

not measured in these cultures , the steroid response to NPS - ACTH was

measured . Figure 9 shows the results of this experiment in which a

maximum steroid response was attained by each of the hormones , though

NPS - ACTH must be used at a much higher concentration of 40 ug / ml , due

to its activity which is significantly less than ACTH ( 51 ) .
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CHAPTER V

YOUNG ADULT RAT ADRENAL GLAND

CELLS IN CULTURE

The lack of confluence at the outer regions of the plate , in

dicated that the growth of adult cells in culture , might be less than

that which might occur in cultures of younger animals . The question

of whether the ACTH in serum may have an effect on these cells was also

proposed . The questions led to an alteration in the cell dissociation

procedure in the hope that greater numbers of single cells could be pro

duced , and also to attempts at maintaining these cells in serum - free

environments or at lower serum concentrations . Also , in order to study

the growth of these cells , thymidine uptake by these cells under a va

riety of circumstances was measured .

Revised Method for Cell Dissociation

Male Sprague - Dawley rats ( 160-180 gms ) were anesthetized with

Nembutal and the adrenal glands removed from surrounding fat . The

fat was removed by trimming and the glands were decapsulated aseptically .

The tissue was minced and placed in a sterile 50 ml capped conical poly

propylene tube containing 15 ml of phosphate bufferred saline ( PBS )

at room temperature . The PBS solution was then removed and replaced

with 15 ml of a filtered solution of Medium 199 with Hank's salts ( GIBCO )
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containing collagenase ( 4 mg / ml , Worthington ) and DNA se ( 0.1 mg /ml ,

Worthington ) . The addition of DNAase to the dissociation medium was

carried out because Hopkins and Farquhar ( 62 ) had shown that incuba

tions carried out in the presence of this enzyme result in suspensions

with high yields of completely dissociated cells . Also , any DNA which

might interfere with the action of collagenase would also be removed

by this process .

The tube was then gassed with 02 - CO2 ( 95 % / 5 % ) , capped and placed
in a gyratory water bath at 37 ° C for 1 hr . Following this incubation ,

the tissue fragments were allowed to settle and the medium removed .

The medium was replaced with 5 ml of a fresh solution of Medium 199

containing no enzymes and the tissue dispersed mechanically by drawing

it through a sterile siliconized Pasteur pipet with a flame polished

tip several times . The fragments were allowed to settle and the su

pernatent removed and filtered through 2 layers of cheese cloth . Five

ml of Medium 199 was again added to the tissue fragments and the pro

cedure repeated until the tissue was completely dissociated . The cells

were then collected by centrifugation and the pellet washed twice with

medium . The cells were then suspended in Medium 199 with 0-10 % fetal

calf serum ( GIBCO ) and 100 iu / ml penicillin and 100 ug / ml streptomycin

( GIBCO ) .

Plating Methods

As mentioned , the cells were suspended in Medium 199 containing

penicillin , streptomycin and varying amounts of fetal calf serum .

The initial attempts at culturing these cells in the absence of serum

were carried out under conditions where only the medium was present ,
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where bovine insulin ( 10 ug / ml , Calbiochem ) was present , and where

bovine growth hormone ( 10 ug / ml ) prepared by method of Li ( 85 ) was

present . Cultures containing serum were grown at concentrations of

5 % and 10 % fetal calf serum ( GIBCO ) .

Cells were plated at a density of approximately 2.5-3.0 x 105

cells / cm² on 10 cm plastic petri dishes . It was found by staining
2

with trypan blue , that roughly the same percentage of cells were viable

initially ; that is 80-90 % . After 48 hrs of culture , the medium was

removed and replaced with fresh medium . At this time , approximately

30-50 % of the cells had firmly attached and thereafter the medium was

replaced every 2 days .

Steroid Measurement

Because of the problems caused by the emulsions formed by the

media samples , the analysis of steroids produced was altered . A mo

dification of the method used by Guillemin ( 63 ) which seemed to elimi

nate this problem was used .

Medium ( 0.5 ml ) was taken and placed in a 12 ml glass - stoppered

centrifuge tube and diluted to 2 ml with distilled water . Four ml of

isooctane was added to the mixture and the tubes were mixed for 15

seconds on a vortex mixer . The tubes were centrifuged at low speed

for 3-4 minutes and the isooctante layer removed . Two ml of distilled

water was then added , followed by 5 ml of chloroform . The contents

were mixed for 60 seconds , then centrifuged for 10 minutes . The aqueous

layer was discarded , 0.5 ml of 0.1 N NaOH added , and the tubes were

shaken gently for 15 seconds . The tubes were frozen for several hours .

The tubes were allowed to thaw and again shaken for 15 seconds to break
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the emulsion . The tubes were centrifuged again for 3-4 minutes and the

aqueous layer removed . Four ml of the chloroform extract was placed

into a 10 ml glass test tube and 2 ml of absolute ethanol - concentrated

H2SO4 ( 75 : 175 v / v ) added . The tubes were mixed for 15 seconds and

the fluorescence developed for 1 hr . The tubes were then read on a

Turner fluorometer under conditions already described in chapter 2 .

Thymidine Uptake

The amount of DNA synthesized in the cultures was estimated by

3 H - thymidine ( PH -methyl , New England Nuclear ) incorporation . Following

stimulation with insulin and / or ACTH for varying time periods in ex

cess of 6 hrs , 5 u■ i / ml of 3h - thymidine and 6 ug / ml of thymidine

( Calbiochem ) were added to the medium . After 18-20 hrs , the medium

was removed and assayed for steroids and the cell layer washed twice

with 0.9 % NaCl at room temperature . Two ml of 0.25 % trypsin ( Worthington )

in phosphate bufferred saline ( PBS ) was added to the plates which were

then incubated at 37 ° C for 15 minutes or until detachment occurred .

The cells were removed to 12 ml polyethylene tubes and 2 ml of fresh

PBS without enzymes was added to the plates to remove any residual

cells , which were transferred to the respective tubes . One ml of cold

50 % trichloroacetic acid ( TCA ) , was added to the tubes to bring the fi

nal concentration to 10 % TCA , and the precipitate which formed was col

lected by centrifugation . The supernatant was decanted and 4 ml of

10 % TCA was added to the precipitate and the tubes vortexed . The pre

cipitate was again collected by centrifugation . The supernatant was

again decanted and the precipitate dissolved in 500 ul of 0.5 N NaOH .

A volume of 250 ul was removed and added to 10 ml of scintillation
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fluid with a dioxane base , contained in glass vials . The vials were

then counted in a Packard " Tricarb " liquid scintillation counter .

Results of Young Adult Rat
Adrenal Gland Cultures

Attempts at growing these cells in serum - free medium containing

insulin , bovine growth hormone or not hormone at all were unsuccessful .

After 48 hrs , cells were found to have attached to the dish . The cells

did not flatten as was the case when serum was present and failed to

do so during the one week which the cultures were kept . Initially ,

it was thought that this was an indication that these cells could not

be maintained in the absence of serum factors . Later it was found

that the pH of the medium was about 6.8 and consequently the possibi

lity that the cells were responding to the acid pH or that the hormones

used were not those needed to maintain these cells in culture still

remained open to question .

Attempts at maintaining the cells at 5 % or 10 % serum concentrations

were successful , though the pH of the medium was still acidic . Cells

maintained in 10 % fetal calf serum were maintained in much better condi

tion than in 5 % serum , where cells were found to detach from the plate .

Again the pH of the medium was quite low and it is possible that the

combined effects may be responsible , rather than the serum concentration

alone .

In order to compensate for the low pH , 90 mg / 100 ml of NaHCO

was added to the medium containing 10 % fetal calf serum which brought

the pH of the medium to about 7.4 . Cells were found to be maintained

in much better condition with less cell loss than previously .
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Under these conditions , the cells ( 30-50 % ) were found to have

attached to the petri dish . The cells appear to have reached confluency

much more rapidly than in the cultures of cells from older rats ; how

ever , the type of cells found in the cultures did not differ greatly

from thos previously observed .

Epithelial cells with rounded nuclei and 1-2 nucleoli , containing

a large amount of lipid were present as well as fibroblast - like cells

with elongated nuclei and multiple nucleoli . Medullary cells were not

looked for , but it was assumed that they were also present . Plate 17

and plate 17a are photomicrographs of these cells which were taken under

phase - contrast optics ( Nikon ) on Kodak Panatomic - x film .

The cell sheet formed in these cultures was extremely dense

as can be seen in plate 18 . This scanning electron micrograph shows

a dense monolayer which appears to be maintained in better condition

than the cultures from older rats .

Morphology of Cells Stimulated by ACTH

In order to determine if the ACTH response shown by the older

rat adrenal cultures could also be produced in this culture system ,

10 mu /ml or 100 mu /ml of ACTH was added to the cultures in 10-3 N HCl .

While 10 mu / ml was incapable of stimulating the morphological response

in the cells , 100 mu / ml was able to accomplish this change , in some

instances as short as 24 hrs after addition . Much more time was re

quired for a very pronounced effect to be observed , but the initial

effects were usually observable by the 24th and 48th hour after addition .

Plates 19 and 20 show two different magnifications of the morphologi

cal change observed with the scanning electron microscope . 100 mu / ml
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PLATE 17

Cultures were maintained in the absence of exogenous

hormones for 7 days , then viewed under phase - contrast optics .

X 125 .

PLATE 17a

Cultures were maintained in the absence of exogenous

hormones for 7 days , then viewed under phase - contrast optics .

X 125 .
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PLATE 18

Cultures were maintained in the absence of exogenous

hormones from plating to day 11 . The cells were then viewed

under the scanning electron microscope . X 135 .
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PLATE 18
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PLATE 19

Cultures were maintained in the presence of 100 mu / ml

of ACTH from day 7 to day ll of culture , The cells were then

viewed under the scanning electron microscope . X 140 .

PLATE 20

Cultures were maintained in the presence of 100 mu / ml

of ACTH from day 7 to day ll of culture . The cells were then

viewed under the scanning electron microscope . X 425 .
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PLATE 19

PLATE 20
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of ACTH was used . Note that while some of the cells were retracted ,

other cells remained flat and unaffected . It is thought that the cells

which were stimulated were epithelial cells , while the unstimulated

cells were fibroblasts . The upper left hand corner of the micrograph

on plate 19 shows an area in which fibroblasts were quite dense . In

this area , no retraction of cells was observed , but in regions in which

the epithelial cells were obviously present , there was a good deal of

cell retraction . Plates 21 and 22 are photomicrographs of these cells

in the retracted state as viewed under phase - contrast optics .

Morphology of Cells Stimulated by Insulin

Bovine insulin ( 10 ug / ml , Calbiochem ) was added to the cultures

at confluency and at the 96th hour after this addition , cells were

fixed and viewed under the scanning electron microscope . Plate 23

shows an example of the cells which exhibited no significant change

from the control state . While it must be pointed out that changes

in the ultrastructure of these cells may have been occurring , the gross

morphology of the cells was essentially unchanged .

Morphology of Cells Stimulated
by ACTH and Insulin

ACTH ( 100 mu / ml ) and bovine insulin ( 10 ug / ml , Calbiochem ) were

added to the cultures in the confluent state and 96 hrs after the stim

ulation , cells were fixed and viewed under the scanning electron micro

scope . It was found that , like ACTH alone , the double hormone system

also caused the retraction of cells . In other experiments , the cells

were found to exhibit this retraction as early as 24 hrs after the ad

dition of the hormone , just like the ACTH - stimulated cultures .
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PLATE 21

Cultures were maintained in the presence of 100 mu /ml of

ACTH from day 7 to day ll of culture . The cells were then viewed

under phase - contrast optics . X 125 .

PLATE 22

Cultures were maintained in the presence of 100 mu /ml of

ACTH from day 7 to day ll of culture . The cells were then viewed

under phase - contrast optics . x 125 .
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PLATE 21

PLATE 22
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PLATE 23

Cultures were maintained in the presence of 10 ug / ml

of insulin from day 7 to day ll of culture . The cells were

then viewed under the scanning electron microscope . X 200 .
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PLATE 23
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Insulin appeared to have no observable effect upon this cell retrac

tion .

Plates 24 and 25 show two views of this response . Again it

can be seen that there were cells which were retracted and those which

were not . To the left of center in plate 24 is a sheet of fibroblasts

which were unaffected by the presence of the hormones , while in the

rest of the field the epithelial cells appeared to be in the retracted

state .

Steroid Production of Cells Stimulated by ACTH

Cultures of adrenal cells were stimulated with 10 mu / ml or 100

mu / ml of ACTH in the confluent state . At the 96th hour following these

additions , the medium was taken and analyzed for steroids as described

previously . Figure 10 shows the results of this experiment . Note that

a smaller quantity of steroid was produced by these cultures than in

the cultures of adrenals from 300-400 gm rats . This may on the one

hand have been reflective of the ability of these cells to produce

steroids or of the smaller number of cells which may have been present

in the cultures . Because the cells digested off the dishes appeared

in large clusters it was not possible to count them using the hemacy

tometer which was the only counting method available ; hence this ques

tion could not be probed further .

Steroid Production of Cells Stimulated by Insulin

Cultures of adrenal cells in the confluent state were treated

with 10 ug / ml of bovine insulin ( Calbiochem ) . At the 96th hour following

this addition , the medium was taken and analyzed for steroids as pre

viously described . Steroidogenesis in response to insulin over basal
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PLATE 24

Cultures were maintained in the presence of 100 mu / ml

of ACTH and 10 ug / ml of insulin from day 7 to day ll of cul

ture . The cells were then viewed under the scanning electron

microscope . X 105 .

PLATE 25

Cultures were maintained in the presence of 100 mu / ml

of ACTH and 10 ug / ml of insulin from day 7 to day ll of cul

ture . The cells were then viewed under the scanning electron

microscope . X 1000 .
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PLATE 24

PLATE 25
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levels went unaffected . Figure 1l shows the results of this experi

ment .

Steroid Production of Cells Stimulated
by Insulin and ACTH

Cultures of adrenal cells in the confluent state were stimulated

with 10 ug / ml of bovine insulin ( Calbiochem ) and 100 mu /ml of ACTH .

At the 96th hour following these additions , the medium was taken and

analyzed for steroids as described . Figure 11 shows the results of

this experiment as well as the results obtained when ACTH alone was

added . Note that an equivalent maximum was reached in both cases which

indicated that steroidogenesis was not blocked by insulin .

Thymidine Incorporation into Cells
Stimulated by ACTH

Under the conditions described above under Steroid Production

ells Stimulated by ACTH , 3h - thymidine was added to cultures at

the 76th hour of culture in the presence of ACTH and the cells allowed

to incubate for 20 hrs in the presence of the isotope . The medium

was removed , the cells trypsinized from the plate , and the analysis of

3
H - thymidine uptake carried out as described earlier in this chapter .

Table 2 shows the results of this experiment where ACTH was clearly

3
able to inhibit ` H - thymidine uptake by the cultures when compared to

control levels .

Thymidine Incorporation into Cells
Stimulated by Insulin

Under the conditions described above under Steroid Production

of Cells Stimulated by Insulin , ' H - thymidine was added to cultures at

the 76th hour of culture in the presence of insulin and the cells al
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TABLE 2

Treatment
3

H - Thymidine ( cpm ] Steroid ug / ml

None 2396 3.54

Insulin 5246 3.66

ACTH 462 13.94

ACTH + Insulin 676 12.06
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lowed to incubate for 20 hrs in the presence of the isotope . The me

dium was removed , the cells trypsinized from the plate , and the ana

lysis of 3h - thymidine uptake carried out as described earlier in this

chapter . Table 2 shows the results of this experiment where insulin

was shown to greatly augment the uptake of 3h - thymidine over control

levels .

Thymidine Incorporation into Cells
Stimulated by Insulin and ACTH

Because of the effect of ACTH on steroidogenesis and the rates

of PH - thymidine uptake , and because insulin was found to have the op

posite effect on ? h - thymidine uptake , the two hormones were added si

multaneously as described , to determine if ACTH could block the insulin

At the 76th hour of incubationmediated increases in PH - thymidine uptake .

in the presence of the two hormones , 3H - thymidine was added . The cells

were allowed to incubate for 20 hrs in the presence of the isotope , at

which time the medium was removed , the cells trypsinized from the plate ,

and the analysis of 3h - thymidine uptake carried out as described earlier

in this chapter . Table 2 shows the results of this experiment where

ACTH is able to block the augmented ? h - thymidine uptake produced by

incubation with insulin .
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CHAPTER VI

THE CULTURE OF NEWBORN RAT ADRENAL GLAND CELLS

One of the purposes of this study was determine whether adrenal

cells in culture had the capacity to grow . In order to study the growth

of adrenal cells in culture , it was decided that relatively young animals

would be most useful in this study . For this reason , adrenal cells of

17-20 day old rats were cultured and studied mainly for their ability

to grow in culture . Because of the nature of the results found for

cultures of adrenal glands from rats of 160-180 gm weight range , si

milar complements of hormones were added to the cultures of these young

rat adrenals and their effects observed .

Cell Dispersion Method

The cell dispersion method employed was identical to that used

on the adrenals from 160-180 gm rats .

Plating Methods

The bulk of the methods used in this step of the operation were

identical to that used on adrenals from older rats with the exception

2
that the number of cells / cm was greatly reduced due to the small num

ber of cells obtainable from the adrenals of these young animals .

Densities in the order of 5-10 x 104 cells / cm2 on 10 cm ? plastic petri

dishes were used .
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Steroid Measurement

Following incubations with the hormones , the medium was taken ,

extracted , and analyzed for steroids as described in chapter 5 .

Thymidine Uptake

Following incubations with the hormones , the medium was removed

and the cells harvested as described in chapter 5 and assayed for H3H

thymidine content .

Results of Newborn Rat Adrenal Gland Cultures

Under the conditions described , the adrenal cells from these

animals were capable of attachment and maintenance in culture . Very

often , the initial attachment and flattening phenomenon were quite

rapid , often as early as 20 hrs after plating . It appeared that a

higher percentage of cells attached by the 48th hr of culture and

that about 40-50 % of the initial suspension became attached .

Once attachment occurred , the cells were found to spread quite

rapidly to form a confluent monolayer . In most instances , confluence

was nearly achieved by 72-96 hrs after the initial plating . Plates

26 and 27 show two views of monolayers of these cells under phase - con

trast optics .

Morphology of Newborn Rat Adrenal gland
Cells in Culture

Extensive microscopic examination of these cells was not car

ried out ; however examples of these cells can be seen in plates 28

and 29 . Note that the most striking characteristic of these cultures

was their heterogeneity , which was more extensive than in either

of the two adult rat sustems . Fibroblasts with their elongated , oval
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PLATE 26

Cultures were maintained in the absence of exogenous

hormones for 7 days from initial plating . The cells were

then viewed under phase - contrast optics . X 125 .

PLATE 27

Cultures were maintained in the absence of exogenous

hormones for 7 days from initial plating . The cells were

then viewed under phase - contrast optics . X 350 .
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PLATE 26

PLATE 27
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PLATE 28

Cultures were maintained in the absence of exogenous

hormones for 7 days from initial plating . The cells were

then viewed under phase - contrast optics . X 200 .

PLATE 29

Cultures were maintained in the absence of exogenous

hormones for 7 days from initial plating . The cells were

then viewed under phase - contrast optics . X 205 .
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PLATE 28

PLATE 29



69

nuclei and multiple nucleoli appear in much greater numbers than in

adult adrenal cell cultures . Epithelial cells with rounded nuclei and

1-2 nucleoli are also present in large numbers . None of the cells in

these cultures contain an extensive amount of lipid in the cytoplasm

and in general appear to be quite ordinary . The epithelial cells , aside

from their nuclear shape , have very little to distinguish them from

the fibroblasts .

Morphology of Cells Stimulated by ACTH and Insulin

Once the monolayer had formed either ACTH , insulin or both hor

mones were added to the cultures as described in chapter 5 at the same

dose levels for 48 hrs .

The cells stimulated by ACTH and ACTH - plus - insulin , exhibited

the morphological changes associated with adrenocorticotropin - stim

ulation in older rat adrenal cell cultures . This phenomenon , as in

the 160-180 gm rat system was apparent 24 hrs after addtion . The

cells retracted , leaving intercellular spaces on the plate and multi

ple processes extending outward . As in the older rat system , there

was no significant difference between cells stimulated with ACTH or

ACTH and insulin .

The cells which were treated with insulin alone exhibited no

morphological changes and were essentially identical to the control

cells , as was the case in the older rat system .

Steroid Production of Cells Stimulated by
ACTH and Insulin

After 48 hrs of exposure to ACTH , insulin , or ACTH - plus - insulin

as described in the preceeding section , the medium was taken , extracted
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and analyzed for steroid production .

Figure 12 shows the results of this experiment with respect

to the control levels of steroidogenesis . Both ACTH and ACTH plus

insulin were both able to increase steroid production . It appeared

that the double hormone system was producing as much steroid as ACTH

alone which is consistent with the results found using adrenal cell

cultures from older rats .

As in the older rat system , insulin did not stimulate the levels

of steroid significantly over basal .

The amount of steroids produced by these cells was extremely

small compared to that found in the adult system . It is suggested

that this may be a reflection of the degree of differentiated function

found in these cells ; however , since the initial number of cells plated

was lower than in the other systems , this factor also remains a pos

sibility . The question is an interesting one and should be probed

further .

Thymidine Incorporation by Cells Stimulated
by ACTH and Insulin

The data which suggest that newborn rat adrenal cells are ac

tually growing in culture were supplied by measuring DNA synthesis

in the cells in culture through the measurement of ? h - thymidine uptake

in cells which had reached the confluent state and which presumably

were contact - inhibited , and in cells which had not yet reached the

confluent state . Figure 13 shows the results of comparing the rates

of DNA synthesis in these two cases . In both cases , the cells were

incubated in the presence of the isotope for 20 hrs , at which time

the medium was removed , the cells digested from the plate and the as
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Note thatsay of ' h - thymidine carried out as described in chapter 5 .

the amount of PH - thymidine incorporated in the confluent cultures was

very much less than that incorporated into non - confluent cultures .

In order to see if the inhibitory effect of ACTH and the sti

mulatory effect of insulin were manifested in this system ; ACTH , insulin

or ACTH and insulin were added to the cultures for 48 hrs . At the 28th

hour of addition , 3h - thymidine was added and the experiment car

as described on these cultures which had already reached confluency .

The results which are shown in table 3 illustrate that insulin

does have a stimulatory effect on DNA synthesis in this system . ACTH

had only a slight inhibitory effect and its effect on the insulin - sti

mulated response was not of great magnitude as it was in the adrenal

cell cultures from rats of 160-180 gm weight range .
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TABLE 3

Treatment
3

H - Thymidine ( cpm ] Steroid ug / ml

None 6412 0.76

Insulin 12832 1.16

ACTH 5550 2.24

ACTH + Insulin 10648 3.00
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CHAPTER VII

DISCUSSION ON THE CULTURE OF RAT

ADRENAL GLAND CELLS

The results of these experiments illustrate that it is possible

to maintain adrenal cells from rats , in culture for at least one month

and that under appropriate conditions function can be maintained for

equivalent periods of time . Other investigators ( 40 ) have suggested

that it is extremely difficult to maintain adrenal cells in culture ;

however , the data presented in this study as well as the reports by

O'Hare and Neville ( 36-39 ) suggest that it is not at all difficult

to maintain these cells if the proper conditions of cell dispersion ,

plating and maintenance are used . The cells attach fairly rapidly

and reach confluence within a short time thereafter . The cells appear

to be viable over a wide pH range from 6.8 to 7.6 with maintenance

being more difficult at the more acidic side of the scale . They can

also be maintained in serum concentrations as low as 5 % although main

tenance may be better at higher serum concentrations .

Many cell types were found to be present in the cultures . Among

the cells found were fibroblasts , adrenocortical parenchymal cells and

adrenal medullary cells which spread to form monolayers within the first

7 days of culture .

Adrenocortical cells were found to retract when stimulated with

high doses of ACTH ( 100 mu /ml ) . When this phenomenon was observed in
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monolayer cultures in the confluent state , the cells retracted from

each other to leave intercellular spaces in the cell sheet and processes

extending outward . O'Hare and Neville have reported that cyclic AMP

( 2 mm ) could also elicit this response , though it did so at a much fas

ter rate ( 36 ) .

Kahri ( 18 ) has reported that one of the changes accompanying

stimulation with ACTH , was an alteration of the mitochondrial inter

nal structure of the zona intermedia - like cells to that of zona

fasciculata - like cells . In a subsequent report ( 64 ) he also showed

that this ultrastructural change could be blocked by the addition of

corticosterone to the medium . Furthermore , Milner ( 35 ) has reported

that cyclic AMP can mimic some of the effects of ACTH in inducing the

ultrastructural change .

It is therefore possible that the changes in the mitochondrial

cristae may illustrate changes associated with ACTH - stimulated steroid

ogenesis , in which cyclic AMP may have a role . Mahaffee et al ( 65 )

have suggested that ACTH and cyclic AMP may stimulate steroid production

by an alteration of the mitochondrial cholesterol pool , while others

( 66,67,68 ) have suggested that they act through the mitochondrial en

zyme system responsible for the conversion of cholesterol to pregne

nolone .

Both hypotheses tend to support the theory that ACTH may elicit

changes at the level of the mitochondria though not directly since it

is unable to penetrate the cell ( 69 ) . It is possible that the change

from a tubulo - vesicular to vesicular type cristae might be an initial

step in the expression of differentiated function . However , whether

this change has any connection to the mitochondrial conversion of
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cholesterol to pregnenolone or to mitochondrial cholesterol accumulation

awaits further investigation .

Wright ( 70 ) has shown , using in vivo techniques that dexamethasone

has an inhibitory effect on the proliferation of adrenal cortical cells .

Assuming that this is true , by increasing the steroid concentration ,

one should find that DNA synthesis would be inhibited . Because ACTH

is able to stimulate steroidogenesis in these cells , one would expect

that it would also inhibit DNA synthesis if Wright's data is correct .

Masui and Garren ( 71 ) have shown that DNA synthesis is inhibited

by both ACTH and cyclic AMP . In their experiments , the amount of steroid

produced over a given time was measured in relation to the incorporation

of PH - thymidine . It was found that steroidogenesis varied inversely

with 3h - thymidine incorporation .

Similarly , in the data presented in tables 2 and 3 of this study ,

there is a reciprocal relationship between the amount of steroid pro

duced and the rate of DNA synthesis .

Therefore , in attempting to come forth with an explanation tying

the reported changes in mitochondrial cristae to the steroidogenic and

DNA synthetic capacity of the cells , the model found in figure 14 is

proposed . ACTH acts upon the cells of the adrenal cortex to stimulate

the production of an intracellular mediator which may act upon the

mitochondria to increase the conversion of cholesterol to pregnenolone

to corticosterone . The increases in steroid production may lead to

an inhibition of DNA synthesis .

According to this proposal , the proliferation and differentiation

of adrenal cells are two mutually exclusive events , for if steroido

genesis is occurring DNA synthesis will be inhibited , and if steroido
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genesis is not occurring DNA synthesis can be augmented under given

conditions . The model is consistent with the findings of this study ,

particularly where insulin and ACTH were added simultaneously . Insulin

could not block ACTH - mediated steroidogenesis , and consequently the

steroid produced as a result of this stimulation may have been acting

to inhibit the stimulation of DNA synthesis by insulin .

The question which must now be raised is " how is insulin sti

mulating the rate of DNA synthesis ? " In other systems this phenomenon

has also been reported .

In mouse mammary gland explants in organ culture , it has been

shown that insulin alone is responsible for the increases in DNA syn

thesis observed 24 hrs after explantation ( 72,73 ) and for increases

in the number of cells per alveolus after 96 hrs of explantation ( 74 ) .

Since the cells were cultured in chemically defined media in the absence

of any serum component , the observations appear to accurately reflect

the actions of insulin .

In other cell types , insulin has also been found to alter growth

characteristics ( 75 ) . In BHK 21/13 fibroblasts in culture , insulin

was found to confer upon the fibroblasts characteristics of transformed

cells . Many became polygonal and began to pile upon each other .

Insulin has also been shown to form a protein complex with ar

macroglobulin which has been isolated from fetal calf serum ( 76 ) .

While this macroglobulin molecule alone is sufficient to stimulate

cell growth of embryonic rat fibroblasts , insulin has been shown to

potentiate the response .

The results of the experiments just described tend to favor the

hypothesis that insulin may be one of the hormonal components involved
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in the proliferation of adrenal cells ; however , the mechanism remains

unclear . In a number of different systems ( 75,77,78,79 ) , insulin has

been found to decrease cyclic AMP levels in the cells . There is evi

dence which suggests that cyclic AMP may be involved in growth inhi

bition ( 71,75 ) ; however , the mechanism through which this occurs re

mains unclear . It is possible that cyclic AMP interacts directly with

the DNA of the cell or that it acts by a separate mechanism such as

the increase of steroid concentrations ; however , the spectrum of ac

tivities of this nucleotide is so wide that it would be difficult to

speculate further on this . Insulin may elicit its effects by causing

a reduction in cyclic AMP levels which in turn may act permissively

in allowing the cell to synthesize DNA . However , it does not appear

likely that stimulation of DNA synthesis is caused solely by the re

duction in cyclic AMP levels , but possibly to increases in other cell

products ( 80 ) .

Illiano and co - workers ( 81 ) have suggested that guanosine 3 ' ,5'

cyclic phosphate ( cyclic GMP ) may be one of these products . They have

shown that prompt increases in the concentration of cyclic GMP occur

in the liver and in fat cells of the rat following exogenous insulin

administration . In lymphocytes , which are not normally sensitive to

insulin , no effect was observed . In other systems , the significance

of cyclic GMP has been explored . It has been suggested ( 82 ) that cyclic

GMP is involved in the induction of mitosis in lymphocytes and at very

low concentrations , it has been shown to have the ability to stimulate

lymphocyte proliferation ( 83 ) . In the adrenal cell system described

in this study and its response to insulin , it now seems possible that

cyclic GMP may be involved in the effects described and is must be
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explored in greater detail . Nussdorfer and Mazzocchi ( 84 ) have already

reported that cyclic GMP can stimulate adrenocortical growth in rats .

The mode through which ACTH and insulin affect the adrenal cells

and other cell types found in the cultures , remains an enigma . Experi

ments which would lead to answers to the speculations have not yet been

carried out ; however , it now seems worthwhile to pursue the questions ,

for the necessary parameters can now be measured . Although it has not

been reported here , methods are being developed to measure the extra

cellular and intracellular levels of cyclic AMP and cyclic GMP . NPS

ACTH will also prove to be very useful in these experiments , for if

cyclic AMP is involved in any of the processes described the analog

should be incapable of producing the desired effects , since at high

concentrations capable of producing maximal amounts of steroids the

levels of cyclic AMP were barely detectable by the Gilman method ( 51 ) .

To return to the discussion of the culture system , it was found

that conditions similar to those found in vivo could be artificially

produced in the culture system . As an example used in the studies , an

artificial hypophysectomy was created in vitro . By using appropriate

conditions , the nature of cells in culture can be predicted with some

degree of certainty as can the responses to hormonal stimuli .

Data provided by 3h - thymidine uptake indicated that at least

some of the cells of the adrenal cell cultures used in this study were

synthesizing DNA . Whether the cells involved are cortical cells re

mains open to question until autoradiography studies can be made on

the cultures .

Preliminary studies also indicate that there is a relationship

etween the age of the animal and the rate at which its adrenal cells
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incorporate H - thymidine .' h Again , further evidence is needed before

this can be conclusive .

The objective of this study which was to set up a culture sys

tem for the adrenal gland under specified conditions , which would al

low the long - term study of the growth and function of cells was accom

plished . The system is reproduceable and results can be predicted with

some degree of certainty . The most advantageous facet of this system

is that the cells can be observed in a living state and a number of

biochemical parameters measured simultaneously . Figure 15 illustrates

the measurements which have been made and will be made upon this system .

With this information , perhaps some insight can be gained as to the way

ACTH and other hormones interact with the growth and function of the

cells of the adrenal gland .
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