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Glutamine synthetase in the embryonic chick neural retina

shows a 50 fold increase in activity between the 16th and 17th day of

embryonic development. This increase in enzyme activity results

from de novo enzyme synthesis thus making it a useful marker of

differential gene expression. A precocious rise in activity can be

induced in as early as 10-day retinas by various corticosteroids,

hydrocortisone being particularly effective. This induction requires

both RNA and protein synthesis. Certain questions about the induc-

tion mechanism arose which this study attempts to answer: (1) Does

hydrocortisone initiate the glutamine synthetase response by a

trigger-type mechanism so that after removal of the steroid, the

response continues? (2) How is intracellular hormone uptake

related to induction? (3) How do induction response to



hydrocortisone and uptake of the hormone vary with tissue differenti-

ation? (4) Can a time limitation be described for the sensitivity to

inhibitors of protein synthesis?

In vitro tissue cultures of 10-day chick neural retina were

exposed to hydrocortisone for 2 and 6 hr, after which the tissue

was washed with media and replaced in culture without inducer for a

24 hr total culture time. Glutamine synthetase activity levels in

these cultures were approximately two-thirds of the level obtained

from cultures exposed to the hormone continuously during the 24 hr

culture period. After 2 or 6 hr of culture in the presence of tritiated

hydrocortisone, the tissue retains approximately two-thirds of the

steroid obtained with continuous exposure to the labelled hormone.

The correlation between these two factors suggests that glutamine

synthetase activity increases are initiated in response to the action

of an intracellularly retained pool of hydrocortisone.

Neural retinas from older embryos (14- and 17-day) were

cultured in the presence of hydrocortisone for short intervals (2 or

6 hr) as above. Glutamine synthetase activity in these older embryos

showed less relative inducibility after short term hydrocortisone

exposure than 10-day embryos. In 14- and 17-day embryos, the

activity increased to only 25% and 1% of their respective 24 hr control

levels. The uptake of tritiated hydrocortisone per cell remained the

same for 10-, 14-, and 17-day embryonic retinas suggesting the



development during differentiation of some step in the hormone action

process which reduces the response to intracellularly bound hormone.

A two hour treatment with inhibitors of protein synthesis,

puromycin and cycloheximide, added to the cultures with the inducer,

prevented the induced rise in glutamine synthetase activity after

24 hr of culture. Retinas regained their inducibility when hydro-

cortisone was added again to the cultures after removal of the

inhibitor. Cycloheximide did not interfere with tritiated hydro-

cortisone uptake. If the 2 hr cycloheximide treatment was

delayed until 6 or 8 hr after addition of hydrocortisone, glutamine

synthetase activity increased without the readdition of hydrocortisone.

Thus, there is a step which is sensitive to inhibitors of protein

synthesis only during the first 6 hr after the inducer is added.

The evidence suggests that an early phase of hydrocortisone

action is responsible for the subsequent glutamine synthetase activity

increase in chick neural retina. Before 6. hr, (1) most cellular uptake

occurs, (2) hydrocortisone exerts its effect, so that with subsequent

washing and reculturing without inducer, glutamine synthetase

activity continues to increase, (3) a step changing with differentiation

occurs which reduces the responsiveness to retained hydrocortisone,

and (4) a step sensitive to inhibitors of protein synthesis occurs.
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EARLY EVENTS IN HYDROCORTISONE INDUCED GLUTAMINE
SYNTHETASE ACTIVITY IN DIFFERENTIATING

CHICK NEURAL RETINA.

INTRODUCTION

Since improvements in the microscope during the 19th century

allowed clearer visualization of cell microstructure, the develop-

mental concept of embryonic preformation has given way to the

concept of epigenesis, The key factor of the epigenetic concept is

differentiation, which describes those processes by which the

embryonic cells and tissues become distinct from one another in

form and function (Torrey, 1967).

Defining what strictly constitutes differentiation has proved

difficult. Confining the discussion to cellular differentiation, the

broadest definition would be cell change. Those changes leading to

a differentiated cell state can be described using morphological,

behavioral, chemical, and developmental criteria (Grobstein, 1959).

Historically, the term differentiation has been applied to visible

changes in complexity, but as more sophisticated techniques

developed, interest was directed toward chemical changes within

cells and tissues which can be measured quantitatively (Bellairs,

1971). Davidson (1968) limits the definition to the appearance of

specialized chemical products which delineate specific cell or tissue
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function. This definition serves to distinguish competence from

differentiation since competence refers to those cells and tissues

which are capable of producing a specialized cell product, but which

have not yet been induced to do so (Grobstein, 1959). The Davidson

(1968) definition of differentiation, however, does not distinguish

between the concepts of differentiation and modulation. Weiss (1939)

first coined the term modulation to define those cellular responses

which persist only as long as the initiating influence (inducer)

remains. Modulation would apply to apparent cell structural and

biochemical modifications which accompany physiological response

to changes in the environment, such as, the androgen induced changes

in seminal vesicle cell size and internal structure leading to the

development of secretory potential. Only in the presence of the

androgen are the cells capable of secretion, consequently they do

not differentiate (a term indicating progression), but instead simply

fluctuate between active and ,inactive states. True differentiation

then implies some stability of the manifested response even when

the initiating agent is no longer present (Weiss, 1939).

Changes in enzyme activity are easily assayable, and thus

tissue specific enzymes have proved to be useful as markers of

differentiation. This is especially true when their rise in enzyme

activity occurs at a precise point in development, reflects the pro-

duction of specific enzyme protein, and persists as part of



specialized cell function (See for example, Markert and Ursprung,

1971).

Glutamine Synthetase as a Marker of Cell Differentiation

3

Glutamine synthetase activity has been reported in high levels

in the neural tissue of all classes of vertebrates (Wu, 1963) and in at

least two higher invertebrates (Kleinschuster and Morris, 1972).

Several correlations have been drawn between the presence of

glutamine and the physiological activity of neural tissue suggesting

an important role for glutamine and its synthesizing enzyme in

neural function. Glutamine, for example, readily penetrates the

blood-brain barrier (Lajtha, Berl and Waelsch, 1959), and its

synthesis in some instances probably promotes detoxification of

ammonia (Wu, 1963; Harper, 1971). Glutamine concentration in the

rat cerebral cortex has also been shown to relate to brain excitability

as measured by electroshock threshold and may be involved in the

inhibition of transmission of nervous impulses associated with

gamma amino-butyric acid (Vernadakis and Woodbury, 1960;

Krnjevic, 1970).

Glutamine synthetase (GS) as a biochemical marker of dif-

ferentiation in chick embryonic development was first demonstrated

by a survey of the GS activity levels in chick embryo organs (Rudnick,

Me la and Waelsch, 1954). A more detailed study of GS activity in
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the chick neural retina revealed a rapid 50 fold increase in GS

specific activity between the 16th and 17th day of embryonic incuba-

tion (Rudnick and Waelsch, 1955; Moscona and Hubby, 1963). This

increase correlated with the period of final morphological and func-

tional differentiation of the neural retina (see Appendix A; Piddington

and Moscona, 1965). The increases of GS specific activity in the

neural retina do not require connection to the central nervous system

since neural retinas in eye explants, cultured on the chorioallantoic

membrane, produce the same GS developmental pattern (Rudnick,

1959).

For several reasons the chick neural retina lends itself well

to experimental manipulation through organ culture techniques:

(1) It is a single tissue type containing heterogeneous cell types,

which is avascular and without connective tissue elements; (2)

Prior to final development of the outer segments of the retinal

receptors around the 17th day (Coulombre, 1955), the neural retina

remains distinct from the pigment epithelium and can readily be

dissected free as a sheet of exclusively neural cells; (3) It is a

relatively large tissue mass, unlike the embryonic mammalian

retina, and can therefore be used conveniently for biochemical

studies.
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Steroids in the Induction of Glutamine Synthetase

Ten-day embryonic neural retinas, which normally contain low

levels of GS in vivo, show a precocious increase in GS activity in

culture with horse serum, similar to the in vivo rise between the

16th and 17th days of development (Moscona and Hubby, 1963). The

factor responsible for the precocious GS induction in cultures was

found to be present in adult but not fetal serum (Moscona and Kirk,

1965). It was found to be of low molecular weight and dialysable

from calf serum against water or balanced salt solution (Reif and

Amos, 1966).

In an attempt to identify this inducing factor in the serum,

studies on the effects of various hormones were performed. The

adrenalcorticosteroid hydrocortisone (HC) was found to stimulate

GS activity of the neural retina both in vivo and in culture in fetal

bovine serum (Moscona and Piddington, 1966; Piddington, 1967).

The precocious activity rise was at a level similar to that in retinas

cultured in adult horse serum. The response of neural retina to

GS induction by HC varies with the age of the embryo. Prior to the

10th day of embryonic development, responsiveness to HC is small;

10-day embryos show the greatest relative increase in GS specific

activity in response to HC; older embryos which show increasing

endogeneous levels of the enzyme with age, never show induced
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levels of GS activity above the maximum normally obtained several

days after hatching (Piddington and Moscona, 1967). Other corti-

costeroids will induce GS activity to lesser degrees than HC. The

primary discriminating factor seems to be the presence of an 11-

13-0H on the steroid molecular skeleton (Moscona and Piddington,

1967). Reif-Lehrer (1968) found prednisolone and triamcinolone to

be better inducers of GS than HC in this system, and she stressed

the importance of steroid A ring structure for GS inducibility.

Chick neural retina cells bind HC intracellularly (Chader and

Reif-Lehrer, 1972). Studies on the chick neural retina involving

competition for steroid binding sites have demonstrated that steroids

can be grouped into four classes which distinguish their relative

retinal cell binding and GS inducing capacity: (1) steroids like HC

which induce GS and compete for specific steroid binding sites;

(2) steroids which partially induce and are likewise partially competi-

tive, 11-deoxy-hydrocortisone being an example; (3) progesterone

which inhibits binding but does not induce GS; and (4) steroids

which do not bind competitively and likewise do not induce, cortisone

being an example (Chader and Reif-Lehrer, 1972). These classifi-

cations closely approximate those listed by Samuels and Tomkins

(1970) relating corticosteroid binding characteristics to tyrosine

aminotransferase induction in hepatoma cells. Alberti and Sharp

(1970) also group steroids into four classes based on their induction



7

of mineralcorticoid activity in toad bladder. They found essentially

the same classes as before with one notable exception; whereas

cortisone was unable to competitively bind against glucocorticoids

such as HC or corticosterone, it was capable of displacing aldo-

sterone from its binding sites in toad bladder at concentrations

greater than 10-7 M. Cortisone was, however, unable to generate

any mineralocorticoid effect and was consequently classified as an

anti-inducer.

Little evidence seems to have been accumulated as to the

physiological development of adrenals in chickens. The adrenal

first appears at around the 3rd or 4th day of incubation. Cortical

cells start as a thickening of the peritoneal epithelium which becomes

detached, and then, after a period of growth, migrates to a dorsal

position, in the mesenchyme between the mesonephros and the aorta.

The cortical substance increases by mitosis and growth with a steady

compacting of cell groups into two large oval masses. The cortical

cords form around the 7th or 8th day, and a connective tissue capsule

accompanied by vascularization appears by the 9th day. The medul-

lary cords penetrate the cortical tissue at around the 8th day,

corresponding to the time at which the medullary tissue portion

becomes active (Romanoff, 1960).

The most compelling evidence for the normal developmental

involvement of corticosteroids in the characteristic GS activity
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rise at the 16th day of embryonic incubation comes from retina

culturing experiments in the presence of added adrenal homogenates

(Piddington, 1970). Adrenal homogenates from embryos younger

than 14 days were added to 12-day retina cultures and had little

effect on the GS activity levels, while adrenal homogenates from

16-day or older embryos induced the precocious GS specific activity

rise in the 12-day retina cultures.

Action of Inhibitors of Macromolecular Synthesis
on Steroid Induced Effects

The use of neural retina cultures precociously induced with

adult serum or hydrocortisone has provided a convenient system for

studying the molecular responses involved in the enzyme induction

process. Early work of Kirk and Moscona (1963) suggested that

the rise in GS specific activity was due to de novo enzyme synthesis

and accumulation. This contention was supported by the immuno-

chemical determinations of Alescio and Moscona (1969) and Alescio,

Moscona and Moscona (1970).

In the presence of RNA synthesis inhibitors such as Actino-

mycin D, added at the beginning of culture, the rise in GS in response

to HC is prevented. Moscona, Moscona and Saenz (1968) suggested

that increases in GS activity in response to HC depend upon RNA

synthesis, and that part of the early tissue response to HC involves
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the production of a specific RNA species. Several observations

suggest that the initial transcriptive event in GS induction by HC is

messenger RNA (m-RNA) synthesis: (1) Sedimentation character-

istics of the rapidly labelled RNA, and (2) protein synthesis in

cell-free systems, using the rapidly labelled RNA, shows high

incorporation of aspartic acid (prevalent in the GS enzyme) (Sarkar

and Moscona, 1971). The rapidly labelled m-RNA remains stable

within the cells for at least several hours (Reif-Lehrer and Amos,

1968). The requirement for RNA synthesis decreases with cultiva-

tion time, that is,Actinomycin D added a few hours after the inducer,

HC, does not block the subsequent rise in GS (Kirk and Moscona,

1963; Kirk, 1965; Reif-Lehrer and Amos, 1968).

An obligate transcriptive phase for responsiveness of various

tissues to steroid hormones has been demonstrated in other systems

as well: Estradiol in rat uterus (Mueller, 1971; Baulieu, Alberga,

Raynaud-Jammet, and Wira, 1972); Ecdysone in insect salivary

glands (Lang, 1971); Progesterone in chick oviduct (O'Malley et al.,

1972); and Cortisol (HC) in rat liver (Raina and Rosen, 1968), in

rat thymocytes (Makman, Dvorkin and White, 1971) and in hepatoma

cells (Peterkofsky and Tomkins, 1968; Gelehrter and Tomkins, 1967).

The requirement for RNA synthesis in HC-induced cytolysis (Makman,

Dvorkin and White, 1971) and the inhibitory effect of HC on glucose

metabolism (Mosher, Young and Munck, 1971) in rat thymocytes
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also decreases over time after HC exposure.

Ribosomal as well as messenger RNA synthesis may be stimu-

lated by HC. An effect of HC on ribosomes and ribosomal RNA has

been observed in some systems. The electron microscopic observa-

tions of Mills and Topper (1969) and Topper (1972) on mouse

mammary alveoli tissue sections demonstrated an increase in rough

endoplasmic reticulum after exposure to HC. Using rat liver prepar-

ations, Sajdel and Jacob (1971) showed that HC stimulated nucleolar

RNA polymerases without stimulating nucleoplasmic RNA poly-

merases, suggesting the specific stimulation of ribosomal RNA

(r-RNA) synthesis. The nucleoli are thought to be the sites of r-RNA

transcription (Maden, Salim and Summers, 1972).

The presence of inhibitors of protein synthesis, such as

cycloheximide or puromycin,in chick neural retina organ culture

blocks the rise in GS activity in response to HC (Kirk and Moscona,

1963; Moscona, Moscona and Jones, 1970; Reif-Lehrer, 1971).

Unlike RNA synthesis, however, continuous protein synthesis is

required for GS activity to increase (Kirk, 1965). Kirk's (1965)

observations were interpreted as evidence that the GS activity rise

was due to de novo enzyme synthesis. This was subsequently con-

firmed by Alescio and Moscona (1969) and Alescio, Moscona and

Moscona (1970). Studies on estrogen induced bursts in protein

synthesis in the rat uterus (Gorski and Axman, 1964; Gorski and
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Morgan, 1967) and cortisol induced cytolysis in rat thymocytes

(Makman, Dvorkin and White, 1971) have shown similar blocks in

steroid induced responses when cycloheximide was added either

simultaneously with the steroid or at some later time after the addi-

tion of the steroid inducer. Both Gorski and Morgan (1967) and

Makman, Dvorkin and White (1971) note that there is a continued

sensitivity to cycloheximide after exposure to the steroid, but a loss

in sensitivity to Actinomycin D under the same conditions. Gorski

and Morgan (1967) propose that the steroid probably acts first to

induce an m-RNA which codes for one or more proteins involved in

the hormone response, and that these proteins have more rapid

turnovers than the RNA.

Site of Steroid Action

The mechanism and fate intracellular uptake of steroid hor-

mone has not been studied in the chick neural retina, but the

mechanism of steroid action, as studied through uptake of radio-

actively labelled hormone, has been pursued in other systems. In

systems where the mechanism for steroid hormone uptake has been

studied, a 7-10S cytoplasmic receptor protein has been found which

binds the hormone without metabolic degradation of the steroid:

Progesterone in chick oviduct (Sherman, Corvol and O'Malley,

1970); Cortisol in bovine mammary cells (Tucker, Larson and Gorski,
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1971), in rat liver cells (Beato, Beisewig, Braendle and Sekeris,

1969; Beato, Schmid, Braendle and Sekeris, 1970), in hepatoma

cells (Baxter and Tomkins, 1970), and in lymphoma cells (Rosenau,

Baxter, Rousseau and Tomkins, 1972); Estradiol in rat uterus

(Jensen, Numata, Brecher and Desombre, 1971); and Testosterone

in rat levator ani muscle (Jung and Baulieu, 1972). Steroid appears

in the nucleus which can be isolated with a 4-5S nuclear receptor

protein: Aldosterone in toad bladder (Sharp, Komak and Leaf, 1966;

Ausiello and Sharp, 1968; and Alberti and Sharp, 1969), in rat

kidney (Swaneck, Chu and Edelman, 1970); Cortisol in rat liver

(Beato, Homoki and Sekeris, 1969), in rat thymus (Wira and Munck,

1970), and in lymphoma cells (Rosenau, Baxter, Rousseau and

Tomkins, 1972); Progesterone in chick oviduct (O'Malley and Toft,

1971); and Estradiol in rat uterus (Jensen, Numata, Bracher and

Desombre, 1971). The nuclear receptor bound hormone in turn

become s bound to the nuclear chromatin: Aldosterone in rat kidney

(Swaneck, Chu and Edelman, 1970); Cortisol in rat liver (Beato,

Seifart and Sekeris, 1970; Sekeris, 1971); Progesterone in chick

oviduct (Spelsberg, Steggles and O'Malley, 1971). Binding of the

receptor-hormone complex to the chromatin seems to be target

tissue specific (Steggles, Spelsberg, Glasser and O'Malley, 1971),

and temperature, ionic strength, and pH sensitive (Schaumburg,

1972; Spelsberg, Steggles and O'Malley, 1971). Most evidence
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supports the idea that steroid first binds to the cytoplasmic receptor,

and then the complex moves to the nucleus. For example, uptake

of the hormone into the nucleus is temperature sensitive (Melny-

kovych and Bishop, 1971; Beato, Braendle, Biesewig and Sekeris,

1970); the cytoplasm becomes depleted of the hormone-receptor

complex (O'Malley and Toft, 1971; Jensen, Numata, Brecher and

Desombre, 1971); and there is an apparent requirement for exposure

of the steroid to cytoplasm for efficient nuclear binding (Beato,

Braendle, Beisewig and Sekeris, 1970; Rosenau, Baxter, Rousseau

and Tomkins, 1972). Based primarily on studies using hybrid

chromatin (re-synthesized from naked DNA and chromosomal pro-

tins), it has been suggested that the steroid-receptor protein complex

binds to the acidic proteins on the chromatin (Spelsberg, Steggles

and O'Malley, 1971; Sekeris, 1971). This has been interpreted as

evidence for a repressor function of acidic proteins.

Objectives of This Study

Although much information in several systems has been

gathered on the mechanism of steroid action in induction processes,

most investigators have confined their studies to animals of a single

age. Even in the chick neural retina system where the steroid

induced GS activity clearly represents a differentiation marker,

studies on the mechanism of induction have been limited to 10- and
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12-day embryos, essentially ignoring possible changes with differ-

entiation of the tissue. The chick neural retina system seemed to

be ideal for studying the early appearance and differentiation of the

mechanism responsible for steroid-induced enzyme synthesis, as

well as for studying some basic facts about the mechanism itself.

Certain pertinent questions about the mechanism arose. (1)

Does the inducer, hydrocortisone, initiate or trigger the GS

response so that removal of the inducer after some critical time

still allows the expression of the enzyme activity? Is the induction

of GS by HC an example of differentiation or modulation using

Weiss's (1939) definition? (2) A time limitation has been deter-

mined for the RNA synthesis requirement. Can a similar time

limitation be defined for the protein synthesis requirement? (3)

Variations in relative inducibility of GS by HC have been observed

in the chick neural retina with increasing embryonic age. Does the

differentiation of the tissue result in any detectable changes in the

early events of the induction process? (4) Chick neural retinal

cells show intracellular uptake of the hormone. How is uptake

involved in the induction process?

The first objective of this study then was to determine if a

trigger-type initiation mechanism, as would be expected for dif-

ferentiation according to Weiss (1939), was responsible for the GS

increase in response to HC. Some preliminary studies were
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required to determine the concentration of HC necessary to induce

GS under culture conditions in this laboratory. Similar work has

been done by Piddington (1967). Studies of the kinetics of GS induc-

tion during exposure to HC were also carried out, paralleling studies

reported previously by Moscona, Saenz and Moscona (1967).

Retinas from ten day embryos were selected for study representing

one of the youngest ages at which the cells are competent to respond

to HC, and the age at which the greatest relative inducibility is

expressed (Piddington and Moscona, 1967). Subsequently, studies

on retinas from a wider age range of embryos were undertaken in

order to follow changes in HC responsiveness with variable retina

differentiation.

The second primary objective was to study some general

aspects of HC uptake into retinal cells and to search for any correla-

tion between steroid uptake and GS inducibility. Experiments were

performed to examine the levels of HC retention and its intracellular

distribution. Studies were made of the kinetics of HC uptake and

these data were correlated with data on the length of HC required

for GS induction. This investigation included studying the uptake of

labelled HC into retinal cells from embryos of various ages.

Since retinal cells will retain HC (Chader and Reif-Lehrer,

1972), hormonal receptor sites probably exist for which other

steroids may compete. In an effort to clarify some apparently
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conflicting reports on the ability of cortisone to compete for sites,

experiments were pursued using different concentrations of cortisone

to decide whether cortisone was an active competitor with HC in the

GS induction.

The final major objective then was to determine whether

critical times for the protein synthesis requirement occur by doing

studies using inhibitors of protein synthesis. Reports of the neces-

sity of continuous protein synthesis for hormone response have

essentially confined their analyses to experiments where the inhibitor

was added to the cultures or the animal without subsequent removal

(Kirk, 1965; Gorski and Morgan, 1967). The addition time of the

inhibitor also usually closely follows that of the inducer (Kirk, 1965).

Since cycloheximide can be washed out of yeast cells (Kerridge,

1958) and apparently out of chick retina cells (Moscona, Moscona

and Jones, 1970; Reif-Lehrer, 1971), it seemed appropriate to study

the effects of sequential additions and washings of the inhibitor in

order to determine whether a specific step in the mechanism required

protein synthesis or whether the protein synthesis requirement was

confined to translation of the enzyme. These timing studies were

based on preliminary studies to determine the cycloheximide con-

centration necessary for inhibition of the GS response, and the

effectiveness of the washing procedure.

To summarize then, this study centers around changes in
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several factors involved in HC induced GS with differentiation. The

primary objectives were to investigate: the exposure time necessary

for eliciting the GS response; correlations between the kinetics of

uptake, exposure time of HC, and GS inducibility; and the requirement

for protein synthesis at various times after exposure to HC.
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MATERIALS AND METHODS

Fertile White Leghorn eggs were obtained weekly from Jenks

Hatchery, Tangent, Oregon and OSU Poultry Science Department,

Corvallis, Oregon and were held at 14° C until use. Eggs were set

daily at the same time each day and incubated at 38° C. The condi-

tions of setting and incubation produced embryos that corresponded

to the appropriate Hamburger and Hamilton (1951) stage for the given

days of incubation. Stages of embryos were closely checked, and

those not conforming were discarded.

Dissection Procedure

Operations were carried out under a sterile hood. Incubated

eggs were rinsed with 70% isopropyl alcohol prior to removal of a

"shell cap" made by ringing the large end of the egg, cracking through

the shell with a pair of forceps. The embryo was plucked from the

shell through the "cap" opening by lifting it out with the forceps

under the embryo's neck. On older embryos, the yolk sac connec-

tion had to be snipped with a pair of scissors in order to free the

embryo completely. The embryo was then placed in a 60 mm petri

dish containing about three milliters of Hanks balanced salt solu-

tion (HBS) (Hanks and Wallace, 1949). The intact eyes were

dissected free of the embryo by snipping the corners of the eyelids,
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peeling away the skin and connective tissue, severing the optic

nerve, and using the tip of a closed pair of scissors to "pop" the

eye from its socket, pushing it from behind. The eyes were trans-

ferred to HBS in the wells of Maximow concave slides, which were

protected from contamination in 150 mm petri dishes.

The eyes were further dissected by making an incision dia-

metrically across the back through the retina into the vitreal cavity.

The vitreous humor was removed with forceps and the eye was

spread apart exposing the neural retina. The neural retina is a

translucent sheet of cells lining the inside of the vitreal cavity, and

prior to the final differentiation of the outer segments around the

16th to 17th day (See Appendix A), the neural retina can be gently

teased away from the pigmented epithelium as an essentially homo-

geneous tissue mass. When using older aged embryos (17 days of

incubation), some further peeling was necessary to separate as

much of the pigmented epithelium from the neural retina as possible.

After isolation of the neural retina, the pieces were rinsed once in

HBS solution and once in freshly prepared culture media before being

transferred, via sterile pipette, to a 25 ml erlynmeyer flask for

culture. Generally one entire retina was cultured per flask.

Culture Procedure

The basic medium was Eagle's minimum essential medium
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(MEM) (Eagle, 1959) which was prepared from powder obtained

from North American Biologicals, to which was added 0.05 M

Morpholinopropane sulfonic acid (MOPS) buffer, and the mixture

was adjusted to pH 6.7 at 37°C (Morris, 1971). Ambient air was

the gas phase when using MOPS buffer. Immediately prior to use,

79% MEM/MOPS was mixed with 20% Fetal Bovine Serum (FBS)

obtained from Microbiological Associates, and 1% Penicillin-

Streptomyocin-Glutamine Solutions obtained from Microbiological

Associates. The cultures were maintained stoppered in 25 ml

erlynmeyer flasks containing three ml of medium per flask. If

inducers and/or inhibitors were to be added to the cultures, they

were dispensed to the flasks using sterile syringes.

A stock solution of 7 x 10-3 M hydrocortisone phosphate, HC,

(Sigma) was prepared fresh every three months in calcium and

magnesium free Tyrode's (Tyrode, 1910). It was stored in the

freezer and thawed just previous to individual experiments. When

diluted concentrations of HC were needed, serial dilutions were

made in freshly prepared media. When added to the cultures, a

0.3 ml volume was used per flask.

All flasks were stoppered and set at 37° C (Precision Scientific

Model 805 Incubator) on a gyrator shaker (New Brunswick Model

B-2), rotating at 70 rpm in order to keep the medium circulating

around the tissue.
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At the completion of the experimental culture period, the

flasks were removed from the shaker, the tissue was transferred to

15 ml centrifuge tubes and centrifuged at top speed on a Clinical

Centrifuge, after which the medium was aspirated off. Phosphate

buffered saline (PBS) (Dulbecco and Vogt, 1954) was added to the tubes and

they were mixed before subsequent recentrifugation and aspiration

of the PBS rinse.

Media Transfers and Washes

When it was necessary to remove an inducer or inhibitor, a

standard washing and transfer procedure was used. The procedure

parallels the washing techniques of other workers (Reif-Lehrer,

1971).

The process involved three steps: (1) pipetting off the original

medium, adding two ml of Earle' s balanced salt solution (E BS). (Earle

et al., 1943) gassing the flasks with the 5% CO2/95% Air for 10 sec,

and allowing the tissue to incubate on the shaker at 37°C for 5-10

min; (2) removing the EBS, replacing it with three ml of medium,

and returning the flask to incubate on the shaker at 37°C for an

additional 15 min; and (3) removing the wash medium, replacing it

with three ml of new medium, and returning the flask to the shaker

for the final incubation period. Again if new inducers or inhibitors

were to be added for the second incubation, they were added via
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sterile syringe at step three.

Uutamire Synthetase Assay Procedure

The PBS-rinsed retinas were brought up to 1.5 ml with new

PBS. The tissue was disrupted ultrasonically for five sec on a

Branson "Sonifer" Cell Disruptor Model W185 at the 70 watt level.

Two-tenths ml of the suspension was dispensed to a 13 x 100 mm

culture test tube for protein assay and 0.35 ml was dispensed into

each of three 10 x 75 mm disposable culture tubes for the GS assay.

Glutamine Synthetase (GS) activity was determined on the basis

of its transferase properties according to a colorimetric method

described by Kirk (1965). GS specific activity was expressed in

terms of ilmole of product (gamma-glutamylhydroxamate) formed per

hour per milligram of protein. Protein was determined according

to the method of Lowry et al. (1951) using a 1/10 dilution of the

homogenate and 0.1 mg/ml bovine serum albumen (BSA) as a protein

standard. Colorimetry readings for both assays were read on a

Coleman Jr II spectrophotometer,

Scintillation Counting

Tritium labelled hydrocortisone (1, 2 3H-HC) obtained from

New England Nuclear was used in studies on hormone uptake. The

labelled compound was stored in ethanol:benzene (9:1) at 4°C.
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Cultures were set as described above, but the added inducer

was 3H-HC (5 µl /ml of medium), dispensed to the flasks using a

5 µ1 Eppendorf automatic microliter pipette.

After the appropriate incubation time for a given experiment,

the tissue was washed according to the Media Transfer and Washing

Technique described above. One exception in that procedure was

that step three was replaced by removal of the wash medium,

followed by one rinse in PBS. After the rinse the total tissue volume

was brought to 1.7 ml with fresh PBS, and the tissue was ultra-

sonically disrupted for 5 sec as before. Two-tenths ml of the homo-

genate was used for a protein assay, and the remaining 1.5 ml was

transferred to a scintillation vial containing 15 ml of scintillation

solution (Toluene-Triton X-PPO-POPOP) (Wang and Willis, 1965).

Samples were counted for 10 min each on a Packard Model 3310 Tri-

Carb Scintillation Spectrophotometer. Results were expressed as

counts per minute (cpm)/mg of protein.

Differential Centrifugation

Ultrasonically disrupted cells were centrifuged in 0.25 M

sucrose supplemented with 5 mM CaC1
2

on a Sorvall Superspeed

RC2-B centrifuge equipped with a SS-34 head. The homogenate was

first centrifuged at 1000 rpm for ten minutes at 0°C in order to

remove undisrupted cells. The supernatant fraction was
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recentrifuged for an additional 10 minutes at 2500 rpm, 0°C, to

collect a nuclear pellet. Routine microscopic examination showed

minimal contamination of the nuclei. When the nuclear fraction

was counted for radioactive uptake, the pellet was resuspended in

PBS and treated as above. The cytoplasmic fraction, supernatant

of second centrifugation, was also directly counted for radioactivity.
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RESULTS

Induction of Glutamine Synthetase Activity
by Hydrocortisone

GS Activity in Response to Varying HC Concentrations

Initially it was necessary to study the relationship between

HC concentration and GS activity in an effort to find a full GS induc-

ing concentration of HC for use in subsequent work, and to determine

the sensitivity of 10-day retina to HC. A similar study has been

performed on 12-day retinas (Piddington, 1967).

Cultures of 10-day retinas were prepared as described in the

methods. To each flask, 0,3 ml of HC was added in order to give

the following final concentrations of HC: 7 x 10-11M, 7 x 10 - 'OM,

7 x 10-9M, 7 x 10-8M, and 7 x 10-7M. The flasks were placed on

the shaker to incubate for 24 hr and were then assayed for GS

specific activity.1/ The dependence of GS induction on HC concen-

tration is shown in Figure 1.

From Figure 1, it can be seen that the levels of induction

become asymptotic with HC concentrations above 7 x 10-8M. Unless

1/GS specific activity will be stated as GS activity or as simply
GS throughout the results and discussion. The latter is justified on
the basis of experiments which indicate that all increase in GS
specific activity is due to actual synthesis of the enzyme (Alescio
and Moscona, 1969; Alescio, Moscona and Moscona, 1970).



Figure 1. GS activity in response to varying HC concentrations.
Ten-day retinas in 24 hour culture. GS activity expressed
in p,mole hr-1 mg protein-1. Vertical lines represent ±
standard error.
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otherwise indicated, in subsequent experiments, the HC concentration

used was 7 x 10-7M, selected to insure GS induction.

Temporal Development of HC-Induced GS

In order to determine the time course of increase in GS during

24 hr culture, experiments were conducted to determine how GS

values changed with time in the presence of HC.

Cultures of 10-day retinas contained HC from the start of

incubation. Samples were removed at various intervals during the

culture period, washed in PBS, and frozen for later assay. GS

levels were determined for all samples and the results are shown in

Figure 2.

The curve shows two phases of GS development, The first

rise in activity appears after a two hour lag period. Between 2 and

6 hr of culture, a continuous increase in GS was observed. Between

6 and 8 hr, the activity levels, producing no significant increase.

The plateau period was reproducible, and correlated with results

to be discussed later. After 8 hr, GS levels resumed a rapid rate

of increase approaching a second plateau at around 18 hr of culture.

Essentially a 24 hr level of induction occurred by 18 hr.

HC Exposure Time Necessary for Induction

In order to test whether GS induction occurs by "triggering"



Figure 2. GS increase in response to HC versus time. Ten-day
retinas cultured continuously in 7 x 10-7M HC were
removed at intervals and assayed for GS (p,moles
hr- 1. mg protein-1). Vertical bars represent ±
standard error. The small open circles represent
samples taken every half hour, one sample per point.
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a response, short term HC exposures were used.

Cultures of 10-day retinas were exposed to HC for short inter-

vals (2 and 6 hr). After exposure, the cultures were thoroughly

washed using the technique described in the methods, and trans-

ferred to fresh media without HC to complete 24 hr of culture.

Control cultures containing no HC or with HC for the entire 24 hr

provided references for determining Net GS activity and relative

inducibility. Net GS was calculated by subtracting the activity

obtained in control cultures incubated without added HC from the

activity obtained in experimental cultures. Relative inducibility

(percent 24 hr induction) was determined by ratios of the Net GS

increase for each short interval HC exposure versus the Net GS

increase for control cultures with 24 hr of HC exposure. So that all

cultures would be treated equally, the control cultures were also

washed and transferred, but the presence or absence of HC in the

fresh media was the same as in the initial media. GS activity was

determined as before. Results are presented in Table 1.

Even with only 2 hr exposure to HC, the level of GS activity

after 24 hr was not statistically different (95% confidence using

Student's t test) from cultures continuously exposed to HC.

One experiment was performed using shorter HC exposure

times. With 5 min, 20 min and 1 hr of HC, relative inducibilities

were 27%, 55%, and 37% respectively.
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Table 1. Induction of GS in ten-day retinas by HC. Retinas were
exposed in culture to HC for the indicated time and
then washed and transferred to fresh medium without
HC for the remainder of the 24 hr culture period. Net
GS is mean ± standard error. Statistical significances
of the difference compared to values obtained with
other exposure times calculated using the Student's t
test (95% confidence).

Statistical
Significance vs.

Hours of HC
Exposure n Net GS

Percent
24 hr Induction 2 6 24

2 7 1.903 ± 0.292 62

6 6 2.165 ± 0.201 67

24 42 2.879 ± 0.223 100

Variability of GS Induction Versus Embryonic Age

In order to measure possible changes in responsiveness of the

retina to short term HC exposures during differentiation, retinas

from embryos of several ages were studied. Initially changes in

GS inducibility with age in response to continuous HC exposure were

examined (Table 2). The results parallel experiments by Piddington

and Moscona (1967). Subsequently, short term HC exposures were

studied for these ages (Table 3).

Cultures of 7-, 10-, 14-, and 17-day embryonic retinas were

incubated for 24 hr in the presence of HC and then were assayed for

GS. Seven-day retinas showed essentially no responsiveness to

HC (Table 2), which is consistent with the observations of
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Table 2. Age-dependent GS induction in response to HC. Retinas
from embryos of several ages were cultured for 24 hr
in the continuous presence of HC. Mean ± standard
error.

Age of
Embryo

7

10

14

17

n GS Activity GS Control Net GS

5 0.721 ± 0.055 0.410 ± 0.000 0.311 ± 0.055

42 4.177 ± 0.223 1.276 ± 0.100 2.879 ± 0.223

5 4.762 ± 0.486 1.140 ± 0.121 3.622 ± 0.486

5 4.367 ± 0.036 3.340 ± 0.210 1.026 ± 0.036

Table 3. Age-dependent response to GS induction with varying
HC exposure times. Retinas from Embryos of several
ages were incubated with HC for the indicated exposure
time. They were then washed and transferred to media
without HC for the remainder of the 24 hr culture period.
Net GS activities were expressed as the mean ± standard
error for at least 3 experiments. In parentheses, the
mean Net GS is expressed as a percent of the mean Net
GS obtained in parallel culture exposed to HC continu-
ously for 24 hours.

Age (Days)
of

Embryo

Hours of HC Exposure

2 6 24

7 0.021 ± 0.000 0.118 ± 0.026 0.311 ± 0.055
(16) (30) (100)

10 1.903 ± 0.292 2.165 ± 0.201 2.879 ± 0.223
(62) (67) (100)

14 0.807 ± 0.387 1.140 ± 0.720 3.622 ± 0.486
(23) (25) (100)

17 -0.009 ± 0.007 0.015 ± 0.145 1.026 ± 0.036
( 0) ( 1) (100)
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Piddington and Moscona (1967). Ten-, 14-, and 17-day retinas,

however, all show significant GS increases in response to HC.

Seventeen-day retinas show high endogenous levels of GS activity.

Thus although theNet GS increase is small in 17-day embryos, the

24 hr culture totals of 10-, 14-, and 17-day retinas are not statisti-

cally different.

Paralleling the previous short term HC exposure experiments

with 10-day retinas alone (Table 1), cultures of 7-, 10-, 14-, and

17-day retinas were incubated in the presence of HC for varying

exposure times (2, 6, and 24 hr). They were washed and transferred

to fresh medium to complete the 24 hr culture period as before.

Retinas for 7-, 14-, and 17-day embryos did not respond signifi-

cantly to short term exposure to HC (2 and 6 hr). The responses

of the retinas from 10-day embryos were statistically different

from those from other ages (Table 3). The decrease in responsive-

ness with age points to a progressive change in the GS induction

mechanism with differentiation.

Uptake of Tritium Labelled HC

Whole Tissue Uptake

In order to study possible correlations between hormonal

uptake and GS inducibility, it was necessary to perform a preliminary
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study to determine the amounts of steroid retained intracellularly

after extensive washing.

Cultures of 10-day retina contained 5p,Ci/m1 (10-7M) of 1, 2 -3H-

Hydrocortisone and were incubated for 24 hr. The cultures were

removed and either washed by centrifugation in PBS up to 5 times

or by the standard medium wash technique described in the methods.

The samples were prepared for radioactive counting by liquid

scintillation. It was found that 10-day retina was capable of retain-

ing about 10,000 cpm/mg either after extensive washing (4 or 5

rinses) in PBS or by using the medium wash technique (Figure 3).

Presumably the medium was more efficient than PBS in removing

unbound steroid counts because of the corticosteroid binding protein

present in the serum.

Nuclear and Cytoplasmic HC Uptake

Much of the data published on steroid hormone action is con-

cerned with uptake of the steroid into the nucleus where direct action

on the genome is possible (Spelsberg, Steggles and O'Malley, 1971).

To ascertain whether HC moves to the nucleus in chick retina, the

following experiments were performed.

Cultures of 10-day retina were incubated in the presence of

511Ci/m1
3H-HC for 24 hr. The intact tissue was washed using the

medium method and fractionated into nuclear and cytoplasmic parts



Figure 3. Washing curve for the uptake of HC into whole cells.
Uptake of labelled hormone in 24 hour cultures of ten
day retinas was determined by liquid scintillation
counting after tissue was washed the indicated number
of times in PBS or once in media. Vertical bars indi-
cate ± standard error. (n = 3).
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using the differential centrifugation method described in the methods.

Label present in the nuclear and cytoplasmic fractions was counted

as described and the results are presented in Table 4. With 24 hr

of incubation, nuclear uptake occurs representing less than one-

fifth of the total HC uptake. Although the large number of cell types

present in the retina make estimation of the relative nucleus/cell

volume difficult, electron microscopic examination suggests that

more than one-fifth of the cell volume is nucleus. Therefore, these

data do not specifically show that HC is selectively bound in

the nucleus.

Table 4. Subcellular distribution of 3H-HC. Ten-day retinas
were cultured with inducing levels of labelled HC for
24 hr. They were washed in media and fractionated as
described in the text. _a/ 10-day retinas contained
approximately 2 mg of protein. 12/ Mean ± standard
error.

Whole Tissue Cytoplasmic Nuclear Nuclear Uptake
CPM/Retina-t/ CPM/Retina CPM/Retina Yo Total

23,264.3 ± 1,120b/ 19,364 ± 1,155 3,900.3 ± 293 16.842+1.5

Kinetics of HC Uptake

Because 24 hr levels of induced GS did not require continuous

exposure to HC, the steroid acts fairly rapidly. To determine the

rate of entry of inducing amounts of HC and to compare these amounts

with the 24 hr level, kinetic studies of HC uptake were performed.
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3Samples from cultures of 10-day retinas containing 3H -HC

were removed and counted after various exposure times. The results

are shown in Table 5 and Figure 4. Statistical significances were

calculated using the Student's t test (95% confidence).

The uptake pattern of HC in Figure 4 shows an early peak occur-

ring at 5 min, followed by a loss of counts to a low value at 1 hr, and

a second rise to the 2 hr level. The data in Table 5 indicate that

statistically the variation in HC uptake between 2 hr and 3 to 11 hr

are insignificant. The decrease at 1 hr is significant, however.

HC uptake continued to increase with culture time giving a statistically

significant difference between the 2 and 24 hr levels. Although the

uptake continued to rise to the 45 hour level, the difference in counts

between 24 and 45 hr was statistically insignificant.

Variance in HC Uptake With Embryonic Age

To determine whether the changing responsiveness with

embryonic age to GS induction in the retina (Table 3) was due to

differences in the uptake of HC, labelled steroid was given for 2 hr.
3Cultures of 7-, 10-, 14-, and 17-day retinas contained H-HC

(10-7M). After 2 hr of incubation they were removed, washed, and

counted for radioactivity as described. The results, expressed in

cpm/mg protein, are depicted in Figure 5. The difference in HC

uptake between 7 and 10 days is statistically insignificant, but the



Table 5. Kinetics of 3H-HC uptake by ten-day retinas. Ten-day retinas were cultured with inducing
amounts of labelled HC for the indicated time and then were removed and counted as
described in the test. Mean ± standard error. 12/5/ Statistical significance of the
difference in uptake using the Student's t test, 95% confidence level. - means no significant
difference; + a significant difference exists.

HC Exposure
Time n CPM/mg Protein

% 24 Hour
Uptake

Significance
vs 2 hour

Significance
vs 24 hour

5 min 4 7,430 ± 700a/
66 --b/ -I- /

15 min 4 7, 103 ± 200 63 +

20 min 3 6, 527 ± 848 58 +

1 hr 8 5,091 ± 200 45 + +

2 hr 5 7, 570 ± 818 67 +

3 hr 4 7, 419 ± 692 66 - +

4 hr 3 8, 251 ± 848 74 +

5 hr 2 6, 376 ± 1, 284 57 +

8 hr 3 6, 590 ± 100 59 +

11 hr 3 7, 823 ± 1, 600 70 +

24 hr 14 11, 217 ± 600 100 +

45 hr 4 13, 073 ± 316 117 +



Figure 4. Kinetics of HC uptake into 10-day retinas. The data
plotted from Table 5. Vertical lines represent ±
standard error.
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Figure 5. Uptake of HC versus embryonic age. Cultures of retinas
from variously aged embryos were incubated for 2 hr in
the presence of 3H-HC, washed in media, and counted
for radioactivity. The values are expressed as cpm/mg
protein. Vertical bars represent ± standard error.
n = 4.



10.000

C
P
M

e
r

M
G

P 5.000
R
0
T
E

10 14

EMBRYONIC AGE (DAYS)

17



40

differences between 10- and either 14- or 17-day retinas is statistic-

ally significant using the Student's t te,st (95% confidence).

When the results were recalculated in terms of cpm/cell

(Figure 6), the uptake is much higher in 7-day retinas than in any of

the others. In 7-day retinas, the cell to protein ratio is consider-

ably smaller than in either 10-, 14-, or 17-day retinal cells. On

a per cell basis, the 10-, 14-, and 17-day retinal cells show nearly

identical uptake.

Effect of Cortisone Pretreatment on HC Induced GS

Since HC is retained intracellularly after washing (Figure 3),

presumably steroid binding sites exist. Recently, HC-binding

molecules have been demonstrated in cell-free extracts of 12-day

retina (Chader, Meltzer and Silver, 1972). Competition for binding

sites has been demonstrated, as mentioned in the introduction,

using various steroids. Cortisone, nearly identical in structure to

HC but inactive as a GS inducer, was used as a possible competitor.

Cultures of 10-day retinas were prepared as described con-

taining various concentrations of cortisone: 7 x 10-7M, 7 x 10-6M,

and 7 x 10-5M. The cultures with cortisone were incubated on a

shaker for 6 hr prior to the addition of HC (7 x 10-7M). The cultures

were then incubated for an additional 18 hr. GS activity was assayed

at the completion of 24 hr culture, and the results and statistical



Figure 6. Variance in HC uptake with embryonic age on a per cell
basis. Using the same experiments as Figure 9, uptake
was calculated on a per cell basis using known cell/
protein ratios for embryonic ages (Moscona, 1968).
n = 4.
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calculations using the Student's t test (95% confidence) are shown

in Table 6. The differences between cultures with and without

cortisone were not statistically significant.

Table 6. Induction of GS with HC in the presence of cortisone.
Cultures contained cortisone alone for the first 6 hr.
HC was added for the final 18 hr of 24 hr culture.
Mean ± standard error. Statistical Significance of the
difference between A and B at the 95% confidence level
using the Student's t test.
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GS GS Statistical
Cortisone HC Only HC + Cortisone Significance

Concentrations n (A) (B) (A B)

7 x 10-5M

7 x 10-6M

7 x 10-7M

6 3. 29 ± O. 36 2. 62 ± 0. 28

5 3. 20 ± 0.42 2. 28 ± 0. 29

5 3. 20 ± O. 42 2. 72 ± O. 56

Effect of Inhibitors of Protein Synthesis
on HC Induced GS

Inhibition by Cycloheximide

Initially, it was necessary to determine the minimum cyclo-

heximide concentration that would produce a constant effect in this

system.

Cultures of 10-day retinas contained HC and one of the follow-

ing cycloheximide (Sigma) concentrations: O. 1, O. 5, 1, 5, 25, and

50 µg /ml. Control cultures contained either no additives or HC

only. After 4 hr of incubation, the cultures were removed, washed,
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and transferred to fresh media containing no additives. After an

additional 20 hr of incubation, the tissue was assayed for GS. The

cells were alive and appeared normal under microscopic examination.

Relatively low concentrations of cycloheximide produced strong

inhibitions of GS induction (Figure 7). A concentration of 0.1 p,g/m1

was sufficient to cause 75% inhibition. With as little as 5 µg/ml,

100% inhibition was obtained.

To determine whether less than the 4 hr cycloheximide expo-

sure would inhibit GS induction, six cultures of 10-day retinas

contained HC and 5µg /ml of cycloheximide for only 2 hr. After the

2 hr period, the cultures were washed and transferred as before.

Net GS activity in cultures containing cycloheximide and HC was

lower than in control cultures containing no additives.-2/ Henceforth,

the only cycloheximide concentration used was 5 µg /ml, incubated

for 2 hr exposure times.

Recovery From Cycloheximide Inhibition

In order to determine whether the tissue could recover

inducibility after washing and re-exposure to HC, two groups of

? /ControlControl cultures without added HC showed GS activity
increases after 24 hr culture. Presumably the fetal bovine serum
contains low levels of HC (Reif-Lehrer and Chader, 1969) which
are responsible for the increase. Cycloheximide seems to be
capable of inhibiting some of this serum-induced GS activity rise.



Figure 7. Inhibition of GS by cycloheximide. Ten-day retina
cultures contained HC and different concentrations of
cycloheximide. After 4 hr, the tissues were washed in
media and transferred to fresh media with no additives.
Cultures incubated an additional 20 hr. The GS activity
is expressed as percent of the activity obtained in
cultures exposed only to HC during the initial 4 hours.
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cultures were exposed to cycloheximide for 2 hr: one group of

cultures contained HC and the other did not. After washing each

culture in both groups of cultures were reincubated for the remaining

22 hr in fresh media either with or without HC. GS assays were

performed, and the results are reported in Figure 8 as percent

uninhibited activity (cultures incubated in HC for the same periods of

time without cycloheximide).

Cultures exposed to cycloheximide for 2 hr did not regain

complete inducibility when re-exposed to HC, but did recover

significantly from cycloheximide inhibition. The presence of HC

initially with the inhibitor did not significantly affect cycloheximide

inhibition.

Inhibition of GS by Puromycin

Some debate has arisen concerning the validity of using

cycloheximide as evidence for protein synthesis inhibition alone, due

to cycloheximide's reported inhibition of other cell processes

(Hartwell, Hutchison, Holland and McLaughlin, 1970). Consequently,

experiments were performed using puromycin in order to corroborate

the effects of cycloheximide on protein synthesis.

Cultures of 10-day retinas contained 50 µg /ml of puromycin

hydrochloride (Nutritional Biochemical Corp) either alone or with

HC. Control cultures were prepared as before, After 2 hr of



Figure 8. Recovery of ten-day retinas from cycloheximide
inhibition. Cultures were incubated for 2 hr with 5µg /ml
cycloheximide in the presence or absence of HC. The
antibiotic was removed by media washing, and the cul-
tures were transferred to fresh media either with
or without HC. The GS activity is expressed as a per-
cent of activity seen in cultures exposed to HC only for
the same time intervals (percent uninhibited GS). Verti-
cal lines represent ± standard error. Statistical
significances of observed differences are reviewed in
the text.
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culture, the cultures were washed and transferred to fresh media,

containing either HC or no additives The cultures were collected

and assayed 22 hr later. A puromycin concentration of 50 µg /ml

inhibited the increase in GS in retina exposed to HC (Figure 9).

The inhibition and its reversibility were similar to that seen with

cycloheximide.

GS Activity Increase Over Time After
Cycloheximide Treatment

To study any changes in GS induction rates after cycloheximide

treatment, kinetic studies of GS activity over time were performed.

Cultures of 10-day retinas contained cycloheximide and HC.

After 2 hr of culture, the cultures were washed and transferred to

fresh media containing either HC or no additives. Sample cultures

were removed at timed intervals for GS assay.

In both instances, tissue transferred to media alone or media

with HC, increases in GS activity did occur after removal of the

antibiotic (Figure 10). Both showed a rise in activity to a 6 hr level

followed by a leveling of activity to 8 hr. After 8 hr the two groups

diverged. Cultures re-exposed to HC after removal of the antibiotic

showed a second rise in activity while those cultures transferred to

media alone fail to show this second rise. Control cultures incubated

in medium alone for 24 hr showed 24 hr GS levels which were not



Figure 9. Puromycin inhibition and recovery of GS response. Ten
day retinas were incubated for two hours in puromycin
(50 µg /m1) in the presence or absence of HC. Cultures
were transferred to fresh media, with or without added
HC, and incubated for an additional 22 hours. Percent
uninhibited GS was determined from ratios of puromycin
treated GS levels/HC only treated GS. Vertical lines
represent ± standard error. Statistical interpretations
are mentioned in the text.
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Figure 10. GS development over time after cycloheximide treatment.
Cultures were incubated in cycloheximide and HC for
two hours, washed, and transferred to either media alone
(Cy + HC'O) or to media containing added HC (Cy +
HCamelo-HC). Sample cultures were removed at various
intervals after washing for GS assay. 24 hr exposure.
Vertical bars equal ± standard error of the mean. (0) =
HC control, (*) = culture control.
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significantly different from the 24 hr sample of cultures which had

been exposed to cycloheximide and were returned to culture in

medium alone.

Effect of Cycloheximide on HC Uptake

In order to determine whether cycloheximide exerted its effect

by preventing HC uptake, kinetic studies on HC uptake in the presence

of cycloheximide were performed.

Cultures of 10-day retina contained either 3H -HC alone or

3 H-HC and cycloheximide. Sample cultures from both groups were

removed and prepared for radioactive scintillation counting as

described after culturing for the following times:. 5 and 20 min, 1, 2,

and 4 hr. The uptake was evaluated as cpm/mg protein, and the

results are presented in Figure 11.

In the presence of cycloheximide, the pattern of uptake remained

similar to cultures containing HC alone. A 5 min peak was followed

by a loss of counts and a subsequent second rise. The results

showed no statistically significant difference in uptake between cul-

tures incubated in the presence or absence of cycloheximide.

Delayed Cycloheximide Addition

An attempt was made to pinpoint a time after which protein

synthesis is not required for HC induction of GS. Cultures of 10-day



Figure 11. Effect of cycloheximide on HC uptake. Ten-day retinas
were incubated in 3H-HC with or without cycloheximide.
Sample cultures are removed at various time intervals,
washed in media and counted for radioactivityvalues
are expressed in cpm/mg protein. Vertical bars
represent ± standard error.
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retinas were exposed to 2 hr of cycloheximide sequentially after

0, 2, 4, 6, and 8 hr of culture with HC. After the inhibitor treat-

ment, the cultures were washed and transferred to medium without

additives for the remainder of the 24 hr period. Control cultures

were incubated for the same time periods with HC only, washed

and transferred to medium alone as above. All cultures were assayed

for GS and the results, presented as a percent of the GS obtained

for tissue treated with cycloheximide compared to the GS obtained

in the control culture tissue, are shown in Figure 12.

Increases in GS were inhibited essentially completely if the

cycloheximide was added 0-4 hr after HC. If, however, the inhibitor

was added 6 hr or later after HC, at least 40% of the control GS

activity was seen. The values obtained from retinas exposed to

cycloheximide for 0-4 hours after HC were significantly different

from those treated with cycloheximide 6 or 8 hr after HC. The

difference between GS activity levels obtained from cultures exposed

to cycloheximide 6 and 8 hours after HC is also significant.



Figure 12. Effects of delayed addition of cycloheximide on GS.
Cycloheximide was added to cultures of 10-day retinas
containing HC at various time intervals after starting
the cultures. After a 2 hr cycloheximide treatment,
the cultures were washed and transferred to fresh media
without HC or cycloheximide. Total culture time was
24 hr for each. GS activity is expressed as a percent
of the activity obtained in cultures exposed to HC for the
same length of time, but not exposed to cycloheximide.
Vertical lines represent ± standard error. Statistical
interpretations appear in text. n = 3
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DISCUSSION

Chick neural retina cells which are competent to respond to

GS induction by HC will initiate substantial enzyme synthesis after

as little as 2 hr of exposure to HC (about two-thirds the level

obtained with continuous exposure to HC). With a 2 hr exposure to

tritiated HC, retinal cells show uptake levels which are about two-

thirds the 24 hr uptake levels. The inducibility of GS in chick neural

retina cells in response to short term exposure to HC decreases as

the cells differentiate. The event responsible for the decrease in

inducibility does not directly affect the amount of cellular uptake of

HC. A step is present early in the induction mechanism which is

sensitive to inhibitors of protein synthesis. This step is independent

of cellular HC uptake. The evidence suggests that GS induction occurs

in response to intracellular HC, rapidly bound to specific receptors.

The GS response to the bound hormone is mediated by early events

in the mechanism which are sensitive to inhibitors of protein syn-

thesis and which decrease responsiveness to the inducer with

increasing differentiation of the tissue.

Induction of GS by HC

Since GS attains maximum induction with about 10-7M HC

and does not increase with higher HC concentrations (Figure 1),
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the retinal cells probably contain discrete numbers of responsive

units. Piddington (1967) showed a similar pattern of GS responsive-

ness with increasing concentrations of HC on 12-day retinas in

culture for 48 hours. His retinas were unresponsive to HC concen-

trations of 10 M or less; they showed increasing responsiveness

to HC concentrations between 10-9M and 10-7M; a maximum GS

response was obtained with 10-7M HC; and a slight decline in

responsiveness was observed with concentrations above 10-7M. Ten-

day retinas respond to lower concentrations of HC, 7 x 10_11M

(Figure 1), than 12-day retinas, 10-9M (Piddington, 1967), already

suggesting a possible change in cellular sensitivity to HC with increas-

ing embryonic age.

The pattern of GS development over time during continuous HC

exposure has been described previously using 10- and 12-day retinas

exposed to 10-5M HC (Moscona, Saenz and Moscona, 1967). They

sampled 10-day retina cultures after 2, 2. 5, 3, 3. 5, 4, 6, and 24

hr in the presence of HC. They found a three-fold increase between

2 and 4 hr of HC exposure, with a tapering of the rate of increase

between 4 and 6 hr. They extrapolated a gradual increase in activity

between 6 and 24 hr. The results depicted in Figure 2 show a

similar picture to that of Moscona, Saenz and Moscona (1967) during

the first 6 hr of culture, but, with the extended sampling periods

presented here, it is apparent that their extrapolation masked an
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important detail in the activity increase. Rather than steadily

increasing, the GS levels its rate of increase briefly between 6 and

8 hours. Subsequently, a second rise begins between 8 and 12 hr,

approaching the 24 hour level after as little as 18 hr of culture.

The possible importance of this 6 to 8 hour plateau will be discussed

later.

The results shown in Table 1 clearly indicate that continuous

exposure to HC is not necessary for induction of GS. Moscona,

Saenz and Moscona (1967) noted that two hours of HC (10-5M) expo-

sure using ten-day retinas "sufficed to raise the GS activity in 24

hours to a level close to that obtained in tissue exposed continuously

to the inducer." However, recent reports from the same laboratory

(Moscona, Frenkel and Moscona, 1972) show GS activity leveling

when the HC is washed after 4 or 6 hr of culture. In light of

Weiss's (1939) definition of what constitutes true differentiation (see

Introduction), the point seemed worth pursuing.

The results in this study strongly support the contention that

HC can indeed "trigger" subsequent GS increase even after its

"removal" from the system by media washing. Table 1 indicates

that with only 2 hr of HC exposure, ten-day retinas will initiate and

continue GS synthesis so that, in 24 hr culture, GS activity is 62%

of that observed with continuous exposure to HC. Since the response

occurs even after the inducer is removed, HC induced GS may
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represent a true differentiation response (Weiss, 1939). This

mechanism of steroid action, that is where the induced response is

initiated by short term exposure to the steroid, is consistent with

the observations of Mosher, Young and Munck (1971) who worked

with the action of HC on inhibition of glucose transport in rat thymus

cells. They found that the removal of HC from the cells prior to

any observed metabolic effect, either by displacement with receptor

site competitors or by washing, did not change the steroid induced

inhibitory effects on glucose transport. The thymocytes require

only 5-10 min of HC exposure to traverse this "irreversible" step

(Mosher, Young and Munck, 1971), whereas the manifestation of the

HC-induced inhibitory effects does not occur until 15-20 min after

HC exposure (Munck, 1968). HC induces other effects in rat

thymocytes, cytolysis (Burton, Storr and Dunn, 1967) and inhibitory

effects on uridine incorporation into RNA (Makman, Dvorkin and

White, 1968), both of which occur more slowly than the effects on

glucose transport. One to 2 hr of HC exposure is required to

traverse the irreversibility steps of these slower responses

(Mosher, Young and Munck, 1971). Continuous presence of the

steroid is not necessary to elicit the HC induced response in any

of the above examples.

The apparent failure of 4 and 6 hours of HC exposure to induce

any significant GS increases in 12-day retina (Moscona, Frenkel and
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Moscona, 1972) may be due to either or both of two factors. (1) The

washing procedure of Moscona, Frenkel and Moscona (1972) is

described as "extensive washing in media followed by a twenty

minute media incubation wash. " "Extensive" washing, which is not

clearly defined, may damage the cells sufficiently to alter cellular

HC binding so that GS responsiveness is decreased. Experiments

conducted in this study on the possible effects of up to four 15 min

media washes showed no decrease in inducibility response. (2)

Twelve-day retinas may be less responsive to short term HC expo-

sure than 10-day retinas. The results in Tables 2 and 3 suggest

that point (2) may be correct.

A 7 x 10-7M HC concentration induced considerable GS in

retinas from 10-days or older embryos (Table 2). Some variability

exists in the 24 hour level of activity attained by these retinas, but

there is no statistically significant difference between them.

Whereas short term exposures to HC (2 or 6 hr) are sufficient

to initiate most of the potential GS increases in 10-day retinas (62

and 66% respectively), these same short term HC exposure times

result in only slight increases in 14- or 17-day retinas when com-

pared with their "potential" (24 hr level) GS production (Table 3).

Evidently, as the retinas differentiate, cellular changes are occurring

which reduce the inducibility responsiveness to short term HC

exposures.
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Aside from the comparisons with the work of Moscona, Frenkel

and Moscona (1972) which suggest a changing sensitivity to inducer

with differentiation, other comparisons between the results pre-

sented in this study and published data contribute to the hypothesis

that GS responsiveness changes with differentiation.

Comparisons between the results shown in Figure 1 for 10-day

retina and the published results of Piddington (1967) for 12-day

retina show that the 10-day retinas respond to lower HC concentra-

tions (7 x 10-11M) than 12-day retinas (10-9M). Furthermore, the

1/2 max inducing concentration of HC in the 10-day retinas (1/2 max

referring to the HC concentration at which 1/2 the maximum GS

activity is obtained) has a lower value in 10-day retinas (1/2 max =

5 x 10
-10 M, Figure 1) than in 12-day retinas (1/2 max = almost

10-8M, Piddington, 1967). Since the maximum GS induction occurs

with the same order of magnitude of HC concentration (10-7M),

evidently the 1/2 max of the GS response and not simply the overall

tissue responsiveness of the tissue is changing between 10 and 12

days.

A similar increase in the 1/2 max concentration with develop-

ment occurs with the partial pressure of oxygen binding to hemoglobin.

The P50 (partial pressure of oxygen at which 50% of the hemoglobin

is saturated) is lower in fetal hemoglobin than in adult hemoglobin,

"conveniently" facilitating the loading of the fetal hemoglobin at the
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lower partial pressures of oxygen present in the placenta (Ingram,

1963; Lehman and Huntsman, 1966). The overall oxygen binding

capacities of fetal and adult hemoglobin remain about the same, so

that, as in the chick retina, the 1/2 max (p
50)

and not the overall

response capacity changes during development. The shift in p50

for hemoglobin has been associated with the intracellular increase

in 2, 3-diphosphoglycerate concentration which serves to mediate the

02 loading affinity of the hemoglobin (Benesch and Benesch, 1969).

The changes in responsiveness to short term HC exposure with dif-

ferentiation of the chick retina may be defining the development of

some "mediating" event, possibly reflecting some tissue environ-

mental changes. The mediation, however, may utilize any number

of mechanisms, not necessarily paralleling that of fetal hemoglobin.

HC Uptake into Cells

Chick neural retina cells probably contain a finite number of

steroid retention sites which hold the HC firmly even during saline

and media washes (Figure 3). After 24 hours of HC exposure, the

distribution of radioactive counts indicates that about 17% of the

steroid reaches the nuclei, leaving 83% in the cytoplasmic fraction

(Table 4). Tucker, Larson and Gorski (1971) found a similar

distribution of 3H-HC in bovine mammary cells--21% of the total

was found in the nuclei, and 79% in the cytoplasmic fractions.
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Uptake of steroids into the nuclei forms an important part of the

mechanism of action postulated for several steroids (Jensen et al. ,

1971; Beato et al., 1970). Since retinal cells show nuclear uptake,

they can be included within the framework of the generalized model

for steroid hormone action outlined in the introduction. Some ques-

tions about the significance of this nuclear uptake can be raised based

on nucleus/cell volumes. The actual role of nuclear binding in chick

neural retina remains unclear.

Following the kinetics of HC uptake into retinal cells (Figure

4) coupled with the statistical analysis of those kinetics (Table 5),

cellular HC uptake is characterized by two periods of steroid reten-

tion--one peak at 5 min, and a second period of retention beginning

at 2 hr after HC exposure. This duality may help explain the two

periods of GS activity rise observed in Figure 2.

HC binding macromolecules, proteins, have been demonstrated

in the cytosol fraction of chick embryonic retinal cells (Chader,

Meltzer and Silver, 1972). The presence of HC receptor sites have

also been demonstrated in rat thymocytes (Wira and Munck, 1970).

In the rat thymocytes, steroid saturation of these sites apparently

occurs within five minutes after HC exposure (Mosher, Young and

Munck, 1971). Based on dissociation kinetics, however, only about

2% of the retained steroid is specifically bound--98% being non-

specific binding (Munck and Brinck-Johnsen, 1968; Munck, 1971).
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As mentioned previously, HC induces an inhibition of glucose trans-

port in rat thymocytes about 15-20 min after exposure to HC (Munck,

1968). Assuming for the moment that uptake and effect are related,

the peak in uptake of the steroid precedes the induced response.

Peak incorporation of labelled steroid dexamethasone into hepatoma

cells begins at 5 min after exposure to the steroid; the uptake peak

however shifts to a later time (around 30 min) if the dexamethasone

concentration is reduced (Baxter and Tomkins, 1970). The hepatic

cell enzyme tyrosine transaminase is induced by dexamethasone.

The cell cultures show enhanced enzyme forming potential as early

as 30 min after addition of high concentrations of dexamethaxone,

however, generally the lag time between introduction of the steroid

and production of the enzyme is closer to 1-3 hours (Granner,

Thompson and Tomkins, 1970).

With 2 hr of HC exposure, chick neural retina cells are capable

of producing, by 24 hr, 62% of the GS level seen in culture with

continuous 24 hr HC exposure (Table 1). Chick retina cells exposed

to 3H-HC for 2 hr show an uptake, on the average, of 67% the 24 hr

level (Table 5). The strong similarity between the amount of HC

uptake and GS inducibility after 2 hr suggests a causal relationship

between HC uptake and subsequent GS levels. A recent report (Beato,

Kalimi and Feigelson, 1972) also shows quantitative correlation

between the degree of saturation of glucocorticoid binding sites, as a
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function of time and dosage of HC, and the induction of the rat liver

enzymes, tryptophan dioxygenase and tyrosine aminotransferase.

Lag periods are again noted between uptake and actual enzyme

production.

Since HC uptake and GS response in 10-day retina are correlated,

it would seem probable that the two periods of uptake (Figure 4) and

the two periods of GS increase (Figure 2) might be interrelated.

Paralleling the lag periods observed in other systems is the presence

in the chick neural retina of two lag periods, (1) between the 5 min

uptake peak and the first GS rise between 2 and 6 hr (Figure 2) and (2)

between the second period of HC uptake starting at 2 hr (Figure 4 and

Table 5) and the second rise in GS occurring after 8 hrs of HC

exposure (Figure 2). Perhaps then, the biphasic nature of GS

development over time with continuous exposure to HC (Figure 2)

reflects the two periods of steroid binding, which may be separated

by a period of dissociation of the steroid from its binding sites

(1 hr level),especially if initial binding possessed the limited

specificity observed in rat thymocytes (Munck, 1971).

Comparing the HC uptake on the basis of embryonic age, 10-

day retinas incorporate the greatest cpm per mg of protein after

2 hr of incubation with 3H-HC as compared to 7-, 14-, or 17-day

retinas (Figure 5). HC uptake on a per cell basis shows, however,

the same uptake per cell in 10-, 14-, and 17- day retinas (Figure 6).
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The number of HC receptor sites per cell apparently remains con-

stant after the tenth day, decreasing uptake per mg protein then

simply reflects changes in cell protein content and growth rather

than numerical reduction of steroid receptor sites. The high

incorporation of counts per cell in 7-day retinas probably reflects

non-specific binding since 7-day embryonic retinas are not really

competent to produce GS increases in response to this uptake (Table

3).

The apparently equal numbers of HC receptors in 10-, 14-,

and 17-day retinas coupled with the GS inducibility of these retinas

in response to short term HC exposure allows some speculation on

the differentiation of the induction mechanism.

Although HC uptake and GS can be correlated quantitatively in

10-day retinas (Table 1 and Table 5), other cellular mechanisms

are apparently required for the eventual expression of this uptake

into GS activity. In older embryos, 14- and 17-day retinas, short

term HC exposure does not appreciably induce GS increases (Table

3) even though the cells still bind HC as readily as 10-day retinas

(Figure 6). Evidently the step responsible for the shift in 1/2 max

of induction with embryonic age of the retina is not related to uptake

of HC and is most probably connected with some post-uptake and pre-

translation step.
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Effect of Cortisone Pretreatment on HC Induced GS

Generally cortisone is not considered an active inhibitor of

HC-induced responses (Kattwinkel and Munck, 1966). However, in

studies on inhibition of aldosterone induced sodium transport in toad

bladder, cortisone was found to inhibit the 10-7M aldosterone induced

response when cortisone concentrations of greater than 10-7M were

used (Alberti and Sharp, 1970). In looking for possible competition

between cortisone and hydrocortisone in chick neural retina, Chader

and Reif-Lehrer (1972) found that 2.8 x 10-7M cortisone was unable

to compete with 11-12 day retinal binding sites when these retinas

were exposed to 2.8 x 10-9M HC, a suboptimal inducing dose on

the basis of Piddington's (1967) results. Since aldosterone is capable

of inducing GS in chicks (Moscona and Piddington, 1967) and since

cortisone, in high concentrations inhibits the aldosterone response

(Alberti and Sharp, 1970), competition studies on 10-day retina

between cortisone in high concentrations and an optimal HC inducing

concentration-(7 x 10-7M) were tried. As the results in Table 6

show, the work of Chader and Reif-Lehrer (1972) is supported.

There is no significant competition for HC receptor sites by corti-

sone, even at high cortisone concentrations.
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Effects of Protein Synthesis Inhibitors
on HC Induced GS

Cycloheximide was first described as an inhibitor of protein

synthesis in yeast (Kerridge, 1958). The inhibitory site of action is

most probably the peptidyl transferase site on the ribosome for

several reasons: (1) cycloheximide inhibits the transfer of amino

acids from their activated t-RNA moiety to the growing peptide chain

(Siegel and Sisler, 1964); (2) cycloheximide resistance which is

found in some yeast strains seems to be associated with the 60 S

ribosomal subunit (Rao and Grollman, 1967); and (3) cycloheximide

prevents the normal breakdown of polysomal aggregates (Wettstein,

Noll and Penman, 1964). RNA metabolism is also affected during

cycloheximide treatment: (1) RNA synthesis gradually decreases

during cycloheximide treatment; (2) Soluble RNA and undermethy-

lated high molecular weight ribosomal RNA accumulate, while m-

RNA synthesis continues (de Kloet, 1966); (3) ribosomal RNA

synthesis seems to be selectively and severely inhibited (Hartwell,

Hutchison, Holland and McLaughlin, 1970).

The HC induced GS increases in 10-day retinas are completely

blocked (100%) with low concentrations (5 µg /ml) of cycloheximide

(Figure 7). The inhibition is reversible after washing the tissue

followed by subsequent readdition of HC, although the activity does
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not attain 100% recovery (Figure 8). The inhibition of protein

synthesis by cycloheximide blocks steroid induced responses in

other systems: the stimulation by estrogen of glucose metabolism,

RNA polymerase activity, and RNA metabolism in the rat uterus

(Gorski and Axman, 1964; Gorski and Morgan, 1967); and the inhibi-

tion by HC of glucose transport and phosphpDylation in rat thymocytes

(Makman, Dvorkin and White, 1971).

The inability of retinal cells to reattain full GS response upon

readdition of HC (Figure 8) may be due to incomplete removal of

the inhibitor during washing of the tissue. Moscona, Moscona and

Jones (1970) showed a similar incomplete reversibility of response

in 12-day retinas after a 5 hr cycloheximide (500 µg /ml) treatment.

They attribute their incomplete reversibility to damage from the

high concentrations of cycloheximide (500 4g/m1) rather than to any

possible washing problems. Reif-Lehrer (1971) reports development

of GS in 12-day retina cells after 5-7 hr with cycloheximide (2 4g/n11),

followed by a washing, and reincubation without readdition of HC.

She used 3 x 10-6M HC initially. The increases in GS activity are

not expressed as percentage induction, and perusal of her data

shows that only small increases occurred which could be of the same

order of magnitude as the small (up to 7. 7 %) increases occasionally

observed here with 10-day retinas. The observed differences

between the results in Figure 8 and the results of Reif-Lehrer (1971)
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are attributable to several factors: (1) She uses a lower cyclohex-

imide concentration and a higher HC concentration which no doubt

introduce some differences in retinal responsiveness; (2) 12-day

retinas respond differently to HC (Table 3); (3) Her cycloheximide

treatment is longer than used here; and (4) She pre-incubates her

cultures in non-inducing media for between 17 and 24 hours before

experimentation which introduces an unknown additional factor in

that the serum her media contains also contains inducer (Moscona

and Piddington, 1966; Reif-Lehrer and Chader, 1969).

Puromycin is also a known inhibitor of protein synthesis, also

acting on the ribosome as a t-RNA analog to interrupt protein

synthesis (Harper, 1971). Puromycin is a less potent inhibitor than

cycloheximide requiring higher concentrations and/or more frequent

injections in order to obtain an effective protein synthesis block

(Gorski and Morgan, 1967). Experiments with puromycin inhibition

of GS (Figure 9) show that in the presence of HC and puromycin

(50 p.g /ml), increases in GS are inhibited. Just as with cyclohex-

imide treatment, the tissue does not recover fully to subsequently

introduced inducing doses of HC (Figure 9). Even though cyclo-

heximide may be inhibiting RNA synthesis, the general similarity

in action using either puromycin or cycloheximide suggests that the

primary action of cycloheximide probably involves inhibition of

protein synthesis.
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Specific interactions between cycloheximide and glutamine

metabolism have been noted. Coursen and Sisler (1960) reported a

block in glutamine synthesis in yeast by cycloheximide and suggested

that the antibiotic might interfere with the metals necessary for

enzymatic formation of glutamine from glutamic acid, or that

cycloheximide might act as an inhibitory analog in the synthesis of

glutamine. Widuszynski and Stoppani (1965) working with another

yeast species found an accumulation of glutamic acid and glutamine

in the presence of cycloheximide. Therefore some specific inter-

action between cycloheximide and glutamine metabolism cannot be

ruled out. However, no specific evidence showing direct inhibition

on GS activity by cycloheximide has been reported.

On the basis of data presented in Figure 10, cycloheximide

treatment seems to irreversibly block the mechanism by which HC

induces GS when the antibiotic and hormone are added to the cultures

simultaneously. The pattern of GS development over time, after

cycloheximide treatment followed by reintroduction of the HC,

parallels the time course of cells treated with HC only (Figure 2).

This suggests a complete restarting of the induction mechanism with

the reintroduction of HC after cycloheximide treatment. Some

activity does arise in retinas which were treated with cycloheximide

and HC, washed, and re-exposed to fresh media only, but then, HC

is present in the serum (Reif-Lehrer and Chader, 1969). The
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characteristic pattern of the GS activity increase after cycloheximide

and HC treatment followed by culture in media without added HC

parallels the first phase of activity rise during normal development.

This supports the concept that two separate responses account for

the separate rises in GS activity with continuous HC exposure

(Figure 2). The mechanism responsible for the first rise seems to

be insensitive to cycloheximide while the second mechanism is

cycloheximide sensitive. The apparent cycloheximide insensitivity

of the first increase in GS with time could too simply reflect the time

necessary for cycloheximide to block protein synthesis, i, e., the

mechanism responsible for the first rise in GS may act faster than

cycloheximide inhibition. It is significant with respect to the obser-

vations of Makman, Nakagawa, Dvorkin and White (1970) showing

an effect of cycloheximide only after 1-2 hr of exposure. No

evidence presented here suggests more rapid cycloheximide action.

Cellular uptake of HC is not dependent on protein synthesis

(Figure 11) since the presence of cycloheximide does not alter the

uptake significantly. It seems therefore that inhibition by cyclo-

heximide is unrelated to initial cellular binding of the steroid.

Attempts were made to determine when the cycloheximide

sensitive step occurs by using delayed addition of the antibiotic after

hormone treatment had begun (Figure 12). Cycloheximide added

between 0 and 4 hours after HC treatment exerted nearly complete
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inhibitory effects on subsequent GS increases. Somewhere between

6 and 8 hours after HC addition, the cycloheximide-sensitive step

seems to have been passed (Figure 12). Although no HC is added

after washing, nearly 65% of the control GS activity arises in

response to the HC if the cycloheximide is added 8 hr after HC.

It appears, therefore, that in the cases where cycloheximide is

added late enough to allow GS synthesis to continue, that the addition

of the antibiotic probably produces only a temporary cessation of

synthesis of GS enzyme, and that after removal of the antibiotic,

GS synthesis and general protein synthesis resume.

A step sensitive to inhibitors of protein synthesis occurs

after most hormone uptake has taken place, and before expression

of the enzyme can occur.

Both the steps responsive to changes in inducibility with retina

differentiation (Table 3) and the step responsible for sensitivity to

protein synthesis inhibitors occur after and are independent of

hormone uptake. Whether these steps are identical or related still

remains an open question.

Proposed Mechanism of HC Action in GS Induction

Analysis of the results in this study in conjunction with the

available information in this and other steroid induced responses

(see Introduction) allows some further speculation on possible
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mechanisms of HC action on GS induction in retina cells.

HC exerts its effect intracellularly. The steroid is taken up

into the cells in predictable amounts (Figure 3), retained by binding

to receptor proteins in the cytosol (Chader, Meltzer and Silver,

1972). Cellular uptake is essentially complete as early as 2 hr after

exposure to HC (Figures 4 and 6). HC is found in the nucleus (Table

4) and may be translocated there by the mechanism described in

other systems (Jensen et al. , 1971; Beato et al. , 1970; O'Malley

et al., 1972; Rousseau et al., 1972). If so, the translocation of the

hormone-receptor complex traverses a temperature sensitive step

(Melnykovych and Bishop, 1971; Rousseau et al., 1972), before

binding to the chromatin (O'Malley et al., 1972; Baxter, Rousseau,

Benson, Garcia, Ito and Tomkins, 1972). The chromatin binding

may initiate the RNA synthesis which occurs in response to the

steroid (Kirk, 1965). Studies on RNA synthesis with HC show the

production of a new RNA species in the chick retina with a molecular

weight corresponding in size to GS m-RNA (Sarkar and Moscona,

1971). This RNA synthesis is evident by the third hour after HC

treatment (Schwartz, 1972). Since this burst of RNA synthesis has

developed by the third hour, it is not surprising that actinomycin D

insensitivity is observed after two to four hours of HC exposure

(Kirk, 1965; Moscona, Moscona and Saenz, 1968). Essentially

complete (24 hr) GS levels were obtained with 2 or 6 hours of HC
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exposure in 10-day retina (Table 1). These time periods are probably

long enough to initiate this hormone-induced m-RNA synthesis

(Schwartz, 1972). The lag period between the burst of m-RNA

synthesis by the third hour (Schwartz, 1972) and the burst in GS

arising after the eighth hour of exposure (Figure 2) corresponds to

the period when cycloheximide sensitivity is evident (Figure 12).

Since the cycloheximide sensitivity period remains after the 1-1C-

induced burst of transcription, but before GS can show its second

rapid rise in activity after 8 hr, there appears to be an intermediate

step between transcription and translation which is sensitive to

inhibitors of protein synthesis. Wiens and Moscona (1972) have also

proposed a post-transcriptional, pre-translational step in the

hormone action mechanism which is inhibited by proflavine.

Further work to explain the mechanism of HC action obviously

is needed. More detailed studies on the response characteristics of

retinas from older embryos could be used as tools to further define

the step whose sensitivity shifts the 1/2 max of induction with

increasing retinal cell differentiation, or they could possibly explain

the role of the protein synthesis requiring step apparently existent

between transcription and translation of the GS.

The use of this chick neural retina developmental system has

helped to distinguish some steps in steroid-induced responses which
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may pertain more broadly to some of the basic physiological

responses associated with differential gene expression.
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APPENDIX A

Development of the Chick Neural Retina

The chick neural retina is characterized by three periods of

histological development: (1) cell proliferation from the second to

the eight day, (2) cellular readjustment during the eighth to the tenth

day, and (3) the final differentiation period from the tenth day to

hatching (Weysse and Burgess, 1906).

By the tenth day of development the neural cells have segre-

gated into the six retinal cell layers: ganglionic, inner reticular,

inner horizontal, bipolar, outer horizontal, and the rod and cone

sensory cell layer '(Romanoff, 1960; Coulombre, 1955). Between the

ninth and twelfth days the inner and outer plexiform layers develop

although synapses do not form within them until the eighteenth and

nineteenth day of embryonic development (Coulombre, 1955). The

inner segments of the rods and cones start to differentiate between

the tenth and twelfth days of incubation and the outer segments make

their appearances as buds at the fifteenth day, completing their final

differentiation around the nineteenth day (Coulombre, 1955). The

retina is capable of conducting electrical impulses after final

completion of the receptor cell development (Lindeman, 1947).



88

APPENDIX B

List of Abbreviations

EBS Earle's Balanced Salt Solution (Earle et al. , 1943)

FBS Fetal bovine serum

GS Glutamine synthetase specific activity

HBS Hanks Balanced Salt Solution (Hanks and Wallace, 1949)

HC Hydrocortisone. Generally refers to 7 x 10-7M
concentration

3H-HC 1, 2 tritium labelled hydrocortisone

MEM Eagle's (1959) minimal essential cell culture medium

MOPS Morpholinopropane sulfonic acid. Buffer system

PBS Phosphate Buffered Saline (Dulbecco and Vogt, 1954)


