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ABSTRACT

It has been previously shown that large granules of protein
accumulate in the larval fat body of holometabolous insccts shortly be -

fore pupation. In the butterfly Calpodes ethlius there is evidence that

the protein in these granules is sequestered from the hemolymph and
that their accumulation is controlled by the molting hormone, ecdysone.
Evidence as to hormonal control of granule accumulation in Drosophila

melanogaster is conflicting.

In this thesis it is shown that if 3H-labelled proteins and 14C-

labelled amino acids are injected into D. melanogaster larvae at the

time of granule formation, the proteins are incorporated into the gran-
ules but the free amino acids are not. The conclusion that all proteins
in the granules are preformed hemolymph proteins is reinforced by the
observation that injection of cycloheximide shortly before first appear-
ance of the granules did not in any way interfere with their formation.

It is shown that injection of ecdysterone into early third instar
larvae will induce precocious formation of granules. When fat bodies
are incubated in vitro in media containing serum, addition of ecdy-
sterone consistently causes granule formation. However, granules
sometimes form in the absence of added hormone. Addition of 50 mg/
ml or more protein consistently causes the formation of small gran-
ules, whether or not hormone is also present.

When fat bodies are incubated in media without serum, gran-
ules consistently appear in aerated media without addition of hormone.
However, addition of hormone causes the formation of larger granules

which appear earlier.



It is therefore concluded that in D. melanogaster ecdysone is

sufficient but not necessary for granule formation.

Since the granules appear seventeen hours before pupariation,
while ecdysone is secreted only four hours before pupariation, itis
suggested that ecdysone is not involved in control of the natural appear-

ance of the granules in D. melanogaster. The hypothesis is presented

that the granules form spontaneously as soon as the juvenile hormone
titer falls below a certain level.

In the course of this work it was incidentally noticed that in-
jection of ecdysterone into early third instar larvae caused a syndrome
which resembled a partial and abortive prepupal molt. No puparium

was formed and the larvae died within a few days.
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MOLECULAR MECHANISMS OF STIERIOD 1IORMONI: ACTION

A Review and Speculation

Over the past decade, one of the most lively topics in the field
of molecular biology has been the study of the mechanisms by which the
concentrations of certain inducible enzymes are regulated in bacteria.
It has been fascinating to watch as the brilliant early model of Jacob
and Monod (1) was step by step confirmed, with only minor additions
and modifications. The final, clinching proof was the recent isolation
(2) and purification (3) of the repressor for the lac operon and the
demonstration that it is active in vitro (4).

It is important, however, to temper our enthusiasm with cau-
tion by noting that the model does not explain the phenorhenon of catab-
olite repression--the observation that addition of glucose to the culture
medium transiently blocks synthesis of certain inducible enzymes, then
permits synthesis only at a lower rate than is otherwise observed.
This repression is relieved by addition of cyclic adenosine-3',5'-mono-
phosphate (cAMP) (5). Since the phenomenon is observed even in
repressorless and operator constitutive strains (6), it is obviously
outside the scope of the Jacob and Monod model. Rather, in some as
yet unexplained manner it is involved with the more recently discov-
ered prbmoter region, since strains in which the promoter has been
deleted do not show catabolite repression (7, 8) while a point mutant in
the promoter region is known in which exceptionally high concentrations
of cAMP are required to relieve the repression (8).

Even in bacteria, it scems, there may be more than one way to

regulate enzyme concentrations.
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Nevertheless, the significant success of the Jacob and Monod
model has naturally cncouraged a search for analogous mechanisms in
higher (cukaryotic) organisms. However, most work in bacteria has
utilized as inducers nutrients which are present in the organism's
natural environment in widely varying amounts, resulting in a varying
need for the enzymes that metabolize or produce them. Since the
"external environment'' for the cells of a multicellular higher organism
is the body fluids--of essentially unvarying composition--it is not sur-
prising that this sort of substrate induction has been rarely found in
these systems.

It is obvious, of course, that higher organisms have mechan-
isms for altering the metabolic activities of their cells. The most
spectacular example of this is tissue differentiation, in which a single
fertilized egg produces tissues with metabolic activities as different as
those of brain, liver, and skin (or root, leaf, and meristem). But the_
changes occuring in differentiation are complex, and the evidence of
experimental embryology suggests that the control mechanisms may
be almost equally so.

Much attention has therefore been focused on action of hor-
mones. These cause rather specific and often reversible changes in
the metabolism of their target organs. It is known in many cases that
increases in the concentration of definite enzymes are produced, and
that these increases are dependent on RNA and protein synthesis.
They are therefore analogous to enzyme induction in bacteria. The
problem gains added interest from the association of hormones with

certain cases of developmental tissue differentiation, as the thyroxine-
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induced metamorphosis of the tadpole (9) and the complex interaction
of insulin, cortisone, and prolactin in the maturation of mammary
glands (10).

The greatest progress in elucidating the mechanisms of action
of hormones has so far occurred with hormones of the polypeptide and
catecholamine classes. Ironically, this progress has made these hor-
mones less attractive to those seeking to understand intracellular
regulatory mechanisms, since it appears that their primary action is
exclusively at the cell membrane (11). The majority of the effects of
these hormones are apparently due to changes in the intracellular con-
centration of cAMP resulting from the direct effect of the hormones on
membrane-~bound adenyl cyclase, Some hormone effects are the re-
sult of cAMP interacting directly with enzymes, for example liver
glycogen phosphorylase kinase kinase (12), but other effects--also due
to cAMP --are true enzyme inductions requiring RNA. and protein syn-
thesis (13). However, very little work has yet been reported on the
mechanism by which cAMP produces these inductions.

Many workers have therefore focused their attention on the
steroid hormones. While there have been several reports that cAMP
may be involved in the actions of these hormones (14), the evidence is
quite strong that at least some effects are not mediated in this way.,
Most strikingly, cortisol induces tyrosine aminotransferase in hepa-
toma cells in which both adenyl cyclase and cAMP are undetectable
(15).

There has naturally been no lack of work on any hormone-

target organ system, and indeed the greatest progress in isolating
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steroid~binding proteins has come with the estradiol "receptors'' of the
uterus (whose physiological significance, however, remains to be dem-
onstrated). However, most theorists have tended to concentrate on one
or both of two systems: the induction of gluconeogenic enzymes--
especially tyrosine aminotransferase=-~in mammalian (rat) liver by
glucocorticoids, and effects of the insect molting hormone (ecdysone),
with particular emphasis on changes in the puffing patterns of the poly-
tene chromosomes of dipteran salivary glands. While the types of
experiments which can be done in these two systems are to some ex-
tent complementary, each contains ambiguities which make it difficult
to obtain unequivocal support for any particular theory.

There are three principal theories which have been elaborated
in sufficient detail to qualify as satisfying and testable hypotheses.
They differ essentially in the site of action which they assume for the
hormone. However, as will be noted, the primary effect with which
they are concerned is different in each case, making them neither
strictly comparable nor in the fullest sense mutually exclusive. They
are primarily associated with the names of Peter Karlson, Heinrich

Kroeger, and Gordon Tomkins.

Karlson: Direct Action at the Gene

This theory (16) is a relatively straightforward application to
animal cells of the principles developed by Jacob and Monod for bac-
terial cells. The hormone penetrates to the nucleus where it interacts
with a specific chromosome-bound repressor, relieving the inhibition

of RNA synthesis which the repressor normally produces. (Positive
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interaction with a specific promoter is not explicitly considered.) The
"turning on'" of mRNA synthesis at these Joci is assumed to producoe
the 50-60% increasc in overall RNA synthesis usually observed after
hormone administration (17, 18), and the resulting rapid increase in
specific mRNAs leads to a rapid increase in the concentrations of the
proteins for which they code.

There are several critical features of this model which in prin-
ciple are experimentally testable. First, since the increase in RNA
synthesis is a direct effect of the hormone, it should occur within a
very short time after hormone administration. (A variant of the model
would propose that the hormone directly activates only a small number
of genes, whose products then activate a much larger number. The
principal rise in RNA synthesis might thus be somewhat delayed, but
should still preceed the inductions for which the hormone is responsi-
ble. Such sequential activation has been demonstrated for the action of

ecdysone on Chironomus salivary glands (19).)

Furthermore, if this were the only mechanism of action of the
hormone-~-as is sometimes implied~-~there should be no effect of the
hormone prior to an increase in RNA synthesis. This is definitely not
true for the effects of estrogen on the uterus. In less than one minute
the hormone increases the concentration of cAMP (again!) and causes
the release of endogenous histamine and dilation of the blood vessels of
the organ (20); the dilation of the blood vessels and accompanying up-
take of water by uterine cells are probably due to the released hista-~
mine. This increased uptake of water is exactly paralleled by an

increased uptake of RNA precursors, which in turn accounts for



e

essentially all of the apparent increase in RNA synthesis observed in
the first six hours after hormone administration (21). There is a true
increase in RNA synthesis at later times. It should be noted, however,
that the increascd uptake of water can be prevented by puromycin (22)
and partially inhibited by Actinomyci'n D (23).

While this example shows clearly that steroid hormones exert
effects in ways other than that considered in the Karlson model, the
prompt rise in RNA synthesis in liver in response to cortisol (17) and

the quick puffing in a few loci in Chironomus salivary glands (24) are

compatible with applicability of the model in other cases.

The second prediction of the Karlson model is that hormone
should increase RNA synthesis in isolated nuclei or even isolated chro-
matin, This latter prediction seems not to have been confirmed; there
has been no reported case in which the template activity of isolated
chromatin has been increased solely by the addition of hormone in vitro
(but see the discussion below of the Matthysse and Phillips experiment).
However, there have been several reports of increased RNA synthesis
when hormone was added in vitro to isolated nuclei. According to
Dukes and Sekeris (25), cortisol caused a 70% increase in RNA synthe-
sis by isolated rat liver nuclei. This is accompanied by an increase in
the activity of "aggregate RNA polymerase' (26) and of the template ac-
tivity of the chromatin isolated from these nuclei (27).

These results have been confirmed by Ohtsuka and Koide (28).
However, Drews and Bondy (29) point out that the hormone concentra-

6

tions used (25 x 107~ M) are some three orders of magnitude larger

than physiological, and report that they find no stimulation with 10-8 M

cortisol; they further point out that there is extensive RNA degradation

in isolated nuclei, which they feel casts doubt on the significance of the
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results of Dukes and Sekeris. MacGregor and Mahler (30), using nu-
clei prepared in such a way as to minimize RNase activity, also find no

stimulation of RNA synthesis by hormone added in vitro,

Before passing from this point, it seems appropriate to con~
sider in some detail the significance of the increase in RNA synthesis

scen after hormone administration, either in vitro or in vivo. The

contention of the Karlson group is that this represents the synthesis of
certain (perhaps many) hormone-specific mRNAs. They have sought to
buttress this opinion by showing that the increase is greatest for the
rapidly labeled, '""DNA-like' RNA extracted by phenol at 60° but not at
50° (31) and that nuclear RNA shows greater stimulatory activity in an
in vitro protein synthesis system after hormone administration (32).
However, since ribosomal precursor RNA stimulates protein synthesis
in vitro, and since it is known that over 50% of the rapidly labeled
nuclear RNA is degraded without ever leaving the nucleus (in fact,
Britten and Davidson (33) base their theory of gene regulation on this
observation), these points are insufficient to prove the contention.

This contention would draw support from the demonstration that
production of mRNA. for an inducible enzyme is increased following
hormone administration., Sekeris and Lang (34) have sought to do this
using RNA extracted from epidermal cell nuclei of 7-day or 8-day old
CélliEhora larvae. Since ecdysone is secreted during the 8th day of
larval life in this species, they refer to the 8-~day cells as induced and
the 7-day cells as uninduced. They report that the RNA from induced,
but not uninduced, cells will cause formation of the inducible enzyme

dopa decarboxylase in an in vitro protein synthesis system. The
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enzyme was detected by the conversion of dopa to dopamine, identi-
fied chromatographically.

We now realize, however, that initiation is not normal in in
vitro protein synthesis systems from higher organisms, and that there-
fore production of functional protein is not to be expected. The fact
that no metabolite of dopa other than dopamine was found must also be
considered surprising. It is therefore necessary to treat these results
with great reservation.

The third prediction of the Karlson model is that chromatin-
bound repressors will be found which interact with hormone. The most
significant results along these lines have come with the "estrogen re-
ceptors'' of the uterus. These proteins exist in the cytoplasm as mole-
cules with a sedimentation coefficient of 9s. On addition of radioactive
estrogen, the hormone first binds to these cytoplasmic receptors, then
disappears from the cytoplasm and is found bound to the chromatin. By
use of 0,3 M KCI the hormone can be extracted from the chromatin as
a complex with a 5s protein (35); it was later found that 0.3 M KCI con-
verts the 9s protein to a 5s protein (36). However, addition of hormone
directly to isolated nuclei does not result in binding of hormone to
chromatin,

While these proteins have many of the properties to be expected
of estrogen receptors, it has not yet been conclusively demonstrated
that they actually play any role in the mediation of hormone action. In
another case the evidence is much clearer. Mathysse and Phillips (37)
have found that the template activity of chromatin from tobacco callus

can be increased by the addition of auxin plus a protein from the
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nucleus of tobacco or other plants, This protein is found in the nuclei
only if they were isolated in the presence of auxin, Neither the auxin
nor the protein alone had any effect.

Auxin is not, of course, a steroid, though they are similar té
the extent of not containing nitrogen. Nevertheless, demonstration
that one hormone is capable (under proper circumstances) of acting

directly on chromatin makes it more believable that others do also.

Kroeger: Action at the Membrane

This theory was developed primarily to explain the effects of
juvenile hormone and ecdysone on the puffing patterns of the salivary
gland chromosomes of dipteran larvae. It seems to have gone through
several variations, but all emphasize hormone effects on ion pumps in
the membrane.

In the original form of this theory the factor controlling the
activation of different groups of genes was thought to be the intra-
cellular Na+/K+ ratio, Juvenile hormone was presumed to increase
this ratio and ecdysone to decrease it. This idea was based on experi-

ments in which salivary glands of Chironomus thummi were explanted

into saline solutions of varied Na+ and K+ content (38). Kroeger felt
that the puffing pattern which he observed in the high--Na+ medium was
identical to the pattern observed on wounding an intact animal; he inter-
prets this as an exaggeration of the normal '"juvenile' pattern. The
pattern in the high-K+ medium was asserted to be identical to that
normally produced by ecdysone., Unfortunately, these experiments

were fatally flawed, since he replaced NaCl with KCl on a weight~for-
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weight basis, rather than a molce-for-mole basis. He was therefore
changing not only the ionic composition but also the ionic strength of
the medium,

Clever was therefore able to argue that the puffing changes were
due solely to the changes in the ionic strength and that they were there-
fore non-specific. He never found any difference in the puffing patterns
of sister salivary glands of Ch. tentans incubated in equimolar NaCl
or KC1 solutions, though definite changes in puffing pattern occurred
as the ionic strength was increased (39). He also found characteristic
puffing patterns in various other media, but none resembled that due to
ecdysone.

These experiments were countered by those of Lezzi (40) who
was able to follow changes in the puffing pattern of isolated nuclei from
the salivary glands of both Ch. thummi and Ch, tentans. He found that
a specific puff--previously shown to be induced by ecdysone--appeared
when the nuclei were incubated in 0. 14 M KC1 but not when they were
incubated in 0.14 M NaCl, These same effects were observed with
whole salivary glands of Ch. thummi but not of Ch, tentans. He con-
cluded that glands of this latter species were impermeable to the ions,
thus explaining Clever's negative results. These experiments were
further extended by the observation that one of the four Balbiani rings
(giant puffs) of Ch. thummi salivary gland chromosomes was speci-
fically activated when the nuclei were incubated in high--MgJr+ medium
(41).

Lezzi's interpretation of Kroeger's theory therefore seems to be

that specific groups of genes are activated by specific ions (or possibly
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by other substances) whose entry into the cell has been facilitated by
the hormone. While he never draws the analogy, he appears to view
K’ and Mg++ as functioning as ''second messengers' in a manner simi-
lar to that of cAMP,

Kroeger has presented one additional, and very striking, piece
of evidence for his view that the primary site of hormone action is at
the membrane. He measured the membrane potential of explanted Ch.
thummi salivary glands (42), finding that this potential was higher
(more negative) in the later developmental stages. By the use of ref-
erence solutions with and without potassium he was able to show that
an increase in intracellular K+ accounted for part, but not all, of the
observed difference. He was also able to show that the degree of de-
velopment of the ""wounding pattern' following explantation was corre-
lated with the degree to which the potential fell during this period.

But most convincingly, he was able to show that addition of
ecdysone to the medium caused a sharp rise in potential. Furthermore,
a particuiar ecdysone -sensitive puff appeared in 13 out of 14 glands in
which the potential reached -35 mV, but in 0 out of 4 glands in which it
did not. An increase in potential was measurable within 1 minute of
the addition of hormone.

These results are complemented by those of Baumann (43) on
Galleria salivary glands. He found that juvenile hormone caused a pro-
nounced decrease in the membrane potential. However, since he found
that this was preceded by a decrease in membrane resistance, he con-
cluded that the latter was the primary effect, and that the potential de-

crease was secondary. This is furthermore compatible with the results
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of Ito and Loewenstein (44) who injected ecdysone into Ch. thummi and
measured the membrane potential in vitro 1 to 5 hours later. They
found the hormone had no effect on the potential under these circum-
stances (so there was no long-term effect on the ionic composition of
the gland) but that there was an increase in the electrical resistance of
the nuclear membrane.

There has been one serious attempt by others to test the effects
of ions on gene activation. Congote et al. (45) examined the effects of
ecdysone, juvenile hormone, 50 mM NaCl, and 50 mM KC1 on RNA

synthesis in isolated nuclei from the fat bodies of Calliphora erythro-

cephala. The synthetic ability of different preparations of nuclei was
unfortunately extremely variable, so that it was necessary to use sta-
tistical analysis to determine the significance of the various results.
It is clear, however, that ecdysone and NaCl increase the rate of RNA
synthesis, and probable that juvenile hormone does (borderline statis-
tical significance)., There was no significant effect due to KCl. How-
ever, the nuclei were isolated in medium containing 25 mM KC1. It is
conceivable that a potential KC1 effect has occurred irreversibly at the
time, so that KC1 in the synthesis medium could have no further effect.
For example, if KC1 dissociates repressors from certain specific loci
on the chromosomes, then the presence of KC1 in the isolation medium
will cause their permanent loss.

The interactions between the different hormones and ions in this
experiment were interesting. The stimulations due to ecdysone and
NaCl were essentially additive, but there was no stimulation at all

when both ecdysone and juvenile hormone were present simultaneously.
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The stimulation by juvenile hormone was also abolished by KC1, which
had no effect on the stimulation due to ecdysone. In the presence of
both juvenile hormone and NaCl, the rate of synthesis was quite simi~-
lar to that seen with cither alone; the authors prefer to interpret this
as indicating that NaC1l has abolished the stimulatory effect of juvenile
hormone.

As the authors point out, these results imply that there are two
mechanisms by which RNA synthesis can be increased, one directly
sensitive to the hormones and the other sodium dependent. As men-
tioned above, they may have overlooked a potential potassium depend-
ent mechanism. They consider that the effects of juvenile hormone are
abolished both specifically by ecdysone and non-specifically by high
ionic strength (both NaC1l and KC1),

Given a few ad hoc, but not unreasonable, assumptions it seems
quite possible to reconcile the effects of the ions in these experiments
with Kroeger's theory, either in its original form or as modified by

Lezzi., An idea of this type is developed more fully on pages 21-24,

Tomkins: A Posttranscriptional Effect

Tomkins' approach to this question has differed from that of
Karlson and Kroeger, in that the latter two authors have started from
explicit theories of hormone action, for which they have then sought
experimental confirmation. Tomkins, on the other hand, started with
an experimental analysis of a particular system. In the past few years,
however, his interpretation of his results has become sufficiently

broad and detailed to qualify as a theory of steroid action--one which
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he believes to be of general applicability,

The biological material with which Tomkins has worked has
been HTC cells, the name which he has given to a minimal deviation
hepatoma adapted for growth in tissue culture. Qlucocorticoids induce
increased levels of tyrosine aminotransferase (TAT) in these cells (46),
although tryptophan oxygenase which is also induced in normal liver is
not induced in this system. There is also no increase in overall pro-
tein (46) or RNA (47) synthesis, two of the most striking effects in the
normal response and the basis for most of Karlson's work. It should
also be noted that the induced TAT levels in these cells are lower than

the basal levels in normal liver (48).

Tomkins' theory stems basically from one simple, paradoxical
observation: while addition of Actinomycin D (Act) to the medium prior
to addition of hormone prevents induction, as expected, addition of in-
hibitor to cells in which, following hormone administration, the enzyme
concentration has already reached its maximum level leads to a still
further increase in enzyme activity, a superinduction (49). Even the
addition of Act to cells never exposed to hormone leads to a small in-
crease in TAT levels (50).

Reel and Kenney (51), having found that Act inhibited degrada-
tion of TAT, proposed that this could account for the superinduction
phenomenon. However, it has since been found that Act prevents only
the enhanced degradation consequent on a step-down to a medium less
rich in nutrients (52), and superinduction is not dependent on a nutri-
tional step-down. Accordingly, Tomkins was led to suggest an alter-

native hypothesis~~that translation of the mRNA for TAT is normally
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prevented by a protein of very short half-life, synthesized on a mRNA
of very short half-life. When Act is added, the repressor will dis-
appear faster than the TAT messenger, leading to increased synthesis
of TAT. Furthermore, he proposed that the hormone might act pri-
marily as an antagonist of this repressor.

Very interesting observations on synchronized HTC cells,
summarized in Figure 1, have led to further extension and refinement
of the model. Briefly, during the last 10 hours of Gl and all of S phase,
the cells behave "normally': addition of hormone induces TAT syn-
thesis which declines when hormone is removed (53); both effects are
prevented by Act. During the remainder of the cell cycle, however,
the situation is quite different: addition of hormone to non-induced cells
does not increase the level of TAT, while removal of hormone from
induced cells does not cause the TAT level to fall (54). (Tomkins re-
fers to this latter phenomenon as '"constitutive synthesis'. As this
usage of the term differs significantly from the established usage in
bacterial genetics it could well confuse the casual reader.) Act has no
effect during this non-inducible period.

Tomkins and his coworkers have therefore presented the fol-
lowing detailed model of cortisol induction of TAT (55): the system
consists of two genes, the structural gene for TAT and the gene coding
for the posttranscriptional repressor. Both genes are transcribed con-
tinuously during the inducible period and are completely repressed dur-
ing the non-inducible period--this repression is not affected by hor-
mone., The repressor prevents the translation of the TAT messenger,

and the only effect of the hormone is to antagonize this action. If the
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using synchronized HTC cells.

Hour 123456789 101112 1314151617 1819 2021 22 2324
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—
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O
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TAT
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Figure 1. Summary of some results obtained by Tomkins
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repressor prevents translation of the TAT messenger it 1s degradoed
with a half-lifc of thrcee hours; otherwise this messenger is completely
stable while, as indicated, both the repressor and its mRNA are ex-
tremely labile under all conditions.

Tomkins was at first uncertain whether the repressor directly
prevented translation of the TAT messenger, or whether it rather de-
graded it or prevented its transport to the cytoplasm. The evidence in
favor of the first possibility is that Act can still produce superinduced
TAT levels even if it is added following removal of hormone, while the
TAT level is declining (55). This demonstrates that even when the
amount of active TAT messenger is falling there is a pool of repressed
but potentially active messenger.

Since this conclusion requires that the repressor be located in
the cytoplasm, it makes it somewhat unlikely that the hormone inter-
acts directly with the repressor as all the specific corticosteriod bind-
ing sites so far reported are in the nucleus (56). Tomkins mentions
evidence that there are also specific binding sites in the cytoplasm,
but this evidence is not yet published.

Tomkins believes that cortisol has no effect on the transcription
of TAT messenger. It is true that he has been unable to find evidence
for such an effect in HTC cells; nevertheless, it remains possible that
more sensitive methods would reveal such evidence. Even if the asser-
tion is true for HTC cells it would appear extremely rash to extend it
to normal liver, as Tomkins apparently does. HTC cells have obvious-
ly lost many of the capacities normally present in liver. One of these

is the capacity to respond to cortisol by an overall increase in RNA and
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protein synthesis. It would not be unreasonable to think that these cells
might also have lost the capacity to increase selectively the synthesis
of specific RNAs., The lower levels of TAT in HTC cells certainly
suggests that the mechanism for synthesis of the enzyme is in some

way abnormal.

Some Concluding Remarks and a Point of View

In attempting an overall assessment of the various theories, it
would be well to start by pointing out that a modification of Karlson's
theory appears necessary. There has been no evidence whatever to
support his original assumption that the hormone interacts simply and
directly with a chromatin-bound repressor, as bacterial inducers do.
Rather, the evidence--especially of the Matthysse and Phillips experi-
ment and of the estrogen receptors--is that the hormone interacts with
a soluble protein which mediates its action on nuclear RNA synthesis.
The evidence is not incompatible with the assumption that this hormone-
protein complex acts by neutralizing repressors, butI prefer the alter-
native assumption that it acts either as a specific promoter for the
transcription of certain genes or as a non-specific enhancer of RNA.
synthesis (or both). The fact that Matthysse and Phillips were able to
obtain their results at saturating concentration of E. coli RNA poly-
merase could be adduced as an argument against this possibility, but
I do not feel that we understand the factors governing the interaction of
this enzyme with the chromatin of higher organisms sufficiently well
for the argument to be conclusive,

Given this modification, the principal difficulty for the Karlson

model remains the relationship between observed increases in RNA
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and protein synthesis and the induction of specific enzymes. It is
simply incredible that synthesis of the dozen or so (at most) enzymes
known to be induced in any given case could require an increcase of 50-
70% in the RNA. synthesis of the whole cell. Most of this, and of the
corresponding increase in protein synthesis, simply must represent a
general speeding up of cellular metabolism. Therefore, while it is not
improbable that there are also specific increases in transcription of cer-
tain genes, we must conclude that no convincing evidence to support
this assertion has yet been presented.

Turning now to Kroeger's theory, itis clear that in its original
form it is untenable. If ecdysone decreases the Na+/KJr ratio and juve-
nile hormone increases it, then the two hormones should negate each
other when they are present simultaneously. In fact, of course, itis
precisely the presence of both hormones which leads to a larval molt.

Lezzi's alternative version of the theory, where ions function as
""'second messengers', is more acceptable, but the evidence in its favor
is far from conclusive. His experiments, to be sure, clearly show that
high concentrations of K of Mg++ can activate specific loci. This
specificity is not as surprising as it might at first seem, since a num-
ber of enzymes are known to be activated specifically either by Na+ or
else by K+ (or NH4+) ions (57)., However, the physiological signifi-
cance of Lezzi's observations is not clear. While his solutions were at
physiological ionic strength, K (or Mg++) was the only cation present,
a situation which is never even approximately true in vivo. Further-
more, discounting Kroeger's original experiments, positive results

are reported for only one locus, and negative (control) results for
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extremely few. It is thercforc difficult to fcel really confident that K-}
docs indeed mimic the effect of eccdysonce on the puffing pattern.

It is, however, quite important to note that Krocger's experi-
ments on membrane potential prove conclusively that something happens
at the membrane, and that this is too fastto be secondary to sumething
at the nuclear or cytoplasmic level.

Tomkins' work is experimentally the most clear cut of the three.
There seerﬁs no alternative to the conclusion that there exists a cyto-
plasmic repressor of translation--the ability to '"rescue' repressed but
undegraded messenger by the addition of Act during the period when
enzyme concentrations are falling is particularly convincing.

But Tomkins' theory is weakest precisely where the others are
strongest. They emphasize immediate actions of the hormones, but
are short on concrete evidence as to how this affects the machinery for
synthesis of a particular enzyme. Tomkins has good evidence as to
how the synthetic machinery is affected, but is hazy as to how the hor-
mone interacts with it. In fact, he has never presented the slightest
evidence that the repressor he is studying plays any role at all in the
induction of TAT by cortisol.

So who's right? In some sense they all must be. It is absolute-
ly certain that ecdysone has some effect at the membrane, and the evi-
dence that specific ions activate RNA synthesis, while slightly shaky,
is by no means negligible. It is clear that auxin--in conjunction with a
supernatant protein--can increase the template activity of chromatin,
and there is strong evidence that steroids do too. Andit is virtually

certain that there is a cytoplasmic inhibitor of the translation of TAT
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messenger.

So we are led to the conclusion that the same hormone acts in a
number of ways. This may at first seem surprising, but it is not, In
fact, we should have bcen surprised if it were not so.

Lect us consider carefully-~-instead of carefully ignoring--the
way in which ecdysone and juvenile hormone interact during the life
cycle of the insect. When both are present, the animal molts into an-
other larval instar, but when ecdysone is present while juvenile hor-
mone is absent the animal forms a puparium, then undergoes prepupal
and pupal molts. The response to ecdysone must therefore differ de-
pending on the concentration of juvenile hormone.

In this light let us consider Figure 2, a hypothetical model
based largely on the experiments of Kroeger and of Congote et al. with
some speculative but common=-sense additions. It should be noted that
this is a functional, rather than a mechanistic model. For the sake of
mechanistic concreteness we may imagine that the various inducers
"activate'' a gene by allosterically modifying an ineffective promoter
protein into an effective one, and that other effectors ''block this acti-
vation'' either by preventing combination of the inducer and the promot-
er or by rendering this combination ineffective in causing the requisite
allosteric transition.

Figure 2 is in several other respects obviously oversimplified.
In the first place, only gene activation is considered; the possibility
that certain genes may be repressed by hormones is ignored, as are
translation-level mechanisms and enzyme activation. In the second

place, only three groups of genes are considered: those involved in
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molting, those involved in pupariation, and ''growth' genes. These
latter are involved in the processes of rapid cell growth taking place
during the lst and 2nd and early 3rd larval instars, and are involved to
an even greater extent in the recovery processes following wounding.

The involvement of Na+ in the control of these ''growth'' genes
can be easily rationalized on the basis of this dual requirement for
their products. During the period of normal growth they are activated
directly by JH and are also activated by Na.+ ions to whi.ch JH has ren-
dered the cell membrane increasingly permeable. When the animal is
faced with the metabolic demands of molting it becomes desirable to
divert resources from growth processes. This is accomplished, inas-
much as ecdysone interferes with the direct activation of the growth
genes by JH while the intracellular Na+ concentration is lowered by the
increased activity of the Na.+ -K+ pump. The increased K+ concentra-~
tion also prevents direct activation of these genes by JH; this can be
viewed as a double-safetyvrnechanism.

On the other hand, wounding constitutes a high-priority demand
which must take precedence over all others, without regard to position
in the molting cycle. In fact, any tear in the cell membrane will flood
the cell with Na.Jr to an extent greatly exceeding the capacity of the NaJr
k' pump to remove it. This will result in turning on the "growth"
genes in a manner which cannot be blocked by ecdysone.

The above analysis actually does not reveal any reason why it
should be necessary for JH to directly activate the '"growth' genes, al-
though this is required by the data of Congote et al. This may again be

a double-safety mechanism, or it could possibly indicate the existence
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of situations in which JH would not lead to increased intracellular Na+
concentrations.

This illustrates the control of one set of genes by two different
effectors. Conversely, ecdysone controls two different sets of genes.,
It activates the pupation genes directly while, by activating the NaL+ -K+
pump, it raises the intracellular K" concentration and thus indirectly
activates the molting genes. This creates a situation in which JH can
block the effect of ecdysone on the pupation genes without interfering
with its effect on the molting genes.

Yet another application of this principal can be appreciated by a
consideration of the effect of several different hormones on the same
enzyme. I will take tyrosine aminotransferase as my example., This
enzyme is known to be induced by both cortisol and glucagon; I would
also suggest that tyrosine must play a permissive role in these induc-
tions, though there is no experimental evidence of this. Nevertheless,
tyrosine is a semi-essential amino acid, and if it is in short supply
then induction of TAT -~diverting tyrosine into the gluconeogenic path-
way~=-would not be advantageous.

My model proposes the existence of a specific promoter protein
for the synthesis of the TAT messenger. It is assumed that synthesis
of this promoter requires an adequate supply of tyrosine--it is probably
relatively rich in tyrosine. In addition its synthesis may require at
several points a rare tyrosine-tRNA whose corresponding synthetase
has an unusually high Km for the amino acid., This promoter is as-
sumed to act ordinarily with rather low efficiency; the effect of cortisol

is to convert it to a high-efficiency state, thereby increasing the rate of
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synthesis of the TAT messenger,

This hypothesis is in accord both with the obscrvation that pro-
tein synthesis is not necessary for cortisol to cause an increasce in TAT
messenger (58)--so that the hormone does not simply increase the syn-
thesis of promoter--and with the observation that accumulation of TAT
messenger can be detected within 30 minutes, while increased TAT
synthesis is not detectable for two hours (59). The intervening hour
and a half are presumably devoted to intranuclear processing of the
newly synthesized mRNA.

At this point I would like to add a detail to the model which is
required neither by experimental evidence nor by any compelling func-
tional argurﬁent, but which I find intellectually satisfying. I propose
that both TAT and its translation repressor are synthesized on a single
polycistronic mRNA. Ribosomes are assumed to add to this messenger
only at the TAT end, so that this provides a feedback loop whereby the
repressor regulates its own synthesis in a manner automatically cou-
pled to synthesis of TAT.

It should be noted that the Act data still require that the portion
of the messenger coding for the repressor be much less stable than
that coding for TAT. While there is no obvious mechanism for accom-
plishing this, it is no more mysterious than the many other examples
of differential stabilities of mRNAs. Putting the two messages in one
continuous strand makes it neither easier nor harder to explain.

This proposal implies that cortisol increases the amounts of
both TAT messenger and repressor, but the larger amount of messen-

ger operating at the same modecerate efficiency will obviously produce
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more TAT. However, itis clear that complete removal of repressor,
as by Act will have a much larger effect in the inducced state., This
scems to be the casc.

It has been known for several years that glucagon also induces
TAT (60). This is presumably mediated by cAMP, which has also been
shown to induce the enzyme (61). There has been a recent report that
in Rueber hepatoma cells in culture, glucagon causes an "immediate"
increase in TAT levels which is insensitive to Actinomycin D and is
synergistic with cortisol induction (62)., All this is exactly what would
be expected if cAMP antagonized the effect of the translational repres-
sor which Tomkins has been studying; I propose this as the mechanism
by which glucagon induces TAT. Since HTC cells lack cAMP this
mechanism naturally could not be physiologically triggered in them.

In summary then, we must recognize that cells of higher organ-
isms are exposed to a very complex and constantly changing hormonal
and nutritiénal environment. The appropriateness of the induction of
any given enzyme is not governed solely by the presence or absence of
any one hormone, but by the interrelationships of several factors. It
would seem reasonable that these relationships can be most satisfacto-
rily taken into account if synthesis of the enzyme is controlled at sev-
eral different levels.,

It is conversely equally true that the various enzymes controlled
by a given hormone must respond differently to the other variables in
the milieu. We should therefore clearly expect that the hormone will
use different mechanisms and different secondary messengers in con-~

trolling them.
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The '""one hormone=~--onc mechanism of action' hypothesis must
therefore be decisively rejected. Any onc hormone must act on any
given target organ, and perhaps ¢ven on a single genetic locus, in a

number of diffcrent ways,
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THE FAT BODY ANDITS GRANULES: BACKGROUND

Naming this insect organ the ''fat body' is in some ways mig-
leading, even though it docs store large quantities of fat. It has been
more aptly compared to the vertebrate liver. Like the liver, itis the
animal's principal storage depot for glycogen and it synthesizes or
breaks down these glycogen reserves as needed to maintain the opti-
mum level of blood sugar--trehalose in the case of insects. It is also
probably involved in the homeo static regulation of other metabolites.
It is even, like the liver, involved in the metabolic inactivation of
steroid hormones (1). For a general review of metabolic pathways in
the fat body see reference (2).

It has been recognized since the turn of the century that the
larval fat body of some insects contains granules of protein (3). At

least since the work of Bishop (4) on Apis mellifera in 1922 (several

earlier references by other authors were not available to me) it has
been clear that these granules usually appear shortly before pupation.
There appears to have been no experimental work designed to elucidate
the function of the granules, but it is usual and natural to assume that
they are reserves of protein for use during metamorphosis. As the
larval fat body of holometabolous insects breaks down and autolyzes
shortly after pupation (the adult fat body arises from imaginal disc
cells) it seems reasonable to assume the granules would be available
for this purpose. In at least one instance it has been reported that
granules are absent from the fat body of a hemimetabolous insect (5),
where on this assumption they would not be needed. They seem to be

widespread, perhaps universal, among holometabolous orders.
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In 1963, in the coursc of a light and clectron microscopic in-
vestigation of the developmental cytology of the fat body, von Gaudecker

(6) demonstrated that Drosophila melanogaster is no exception to this

rule, The granules she observed were up to 6y across and represented
approximately 25% of the cell volume when maximally developed. She
first observed small, mitochondrion-sized granules, which she inter-
preted as precursors of the larger granules, at 20 hours after the sec-
ond larval molt (28 hours before puparium formation). The granules
increased in size and number up to 45 hours after the molt., She
occasionally found both residues of mitochondria and stacks of rough
endoplasmic reticulum within the granules, suggesting that they had
formed by the enclosure of areas of cytoplasm within bounding mem-=
branes. She interpreted the original mitochondrion-sized granules as
being in fact altered mitochondria.

The granules were also noticed, apparently independently in the
course of a similar investigation, by Butterworth et al. (7). Since the
time at which the granules appeared suggested to them that they might
be induced by ecdysone, they tested this possibility by implanting fat
bodies from 2nd instar larvae into the abdomens of adult male hosts,
The fat bodies survived quite well in this milieu, but granules--as hypo-
thesized-~did not form unless ring glands from late 3rd instar larvae
were implanted as a source of ecdysone.

The simple picture was clouded, however, when Butterworth
and Bodenstein (8) implanted the fat bodies into adult female hosts.,
Granules formed without any necessity of added ring glands! This was

dependent on the presence of a functional ovary, as granules formed
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neither in ovariectomized females nor in animals of the fes (female
sterile of Bridges) genotype in which the ovary is non-functional., Im-
plantation of wild-type ovaries along with the fat bodies into fes females
permitted normal granule formation. However, when ovaries were im-
planted with th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>