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Abstract

We have studied the effect of glucagon on the expression of a
triiodothyronine (T3) and carbohydrate-inducible mRNA se-
quence (mRNA-S14) in rat liver that undergoes a threefold diur-
nal variation (peak, 2200 h; nadir, 0800 h). Glucagon injection
into euthyroid rats (25 ig/100 g body wt i.p., three doses at 15-
min intervals) during the nocturnal plateau of mRNA-S14 caused
a monoexponential disappearance of this sequence (t1/2, 90 min)
accompanied by a 90% reduction in the transcriptional rate in a
nuclear run-off assay, indicative of a near total reduction of syn-
thesis. This effect was markedly attenuated in rats treated with
T3 (200 tg/100 g body wt i.p.) 24 h before glucagon injection.
When T3 was given 15 min after glucagon, the glucagon-initiated
decline in mRNA-S14 was reversed within 90 min, suggesting a
rapid interaction between the two hormones in the evening. Cu-
riously, administration of T3 alone at this hour did not affect a
significant increase in mRNA-S14. At 0800 h, however, T3
caused the expected brisk induction of this sequence, whereas
glucagon was without effect. In essence, glucagon affected
mRNA-S14 synthesis only in the evening, while T3 increased
levels of this sequence above the baseline only in the morning.
T3, however, reversed the effect of prior glucagon injection at
night. The observed alterations in hormonal responsivity could
underly the diurnal variation of mRNA-S14 expression. More-
over, the data suggest the hypothesis that T3 may act on S14
gene expression by antagonizing factors that inhibit its tran-
scription.

Introduction

Recent studies from our laboratory have focused on mRNA-
S14 as a model of thyroid hormone action at the hepatocellular
level (1). This mRNA codes for a protein of relative molecular
mass (Mr)' 17,010 and an isoelectric point (pI) of 4.9 as first
demonstrated in two-dimensional gel analysis of in vitro trans-
lation products in hepatic mRNA (2). Of particular interest is
the rapid response of this sequence to triiodothyronine (T3) ad-
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1. Abbreviations used in this paper: ANOVA, analysis of variance; Mr,
relative molecular mass; T3, triiodothyronine.

ministration. The mature mRNA rises within 20 min and the
nuclear RNA precursor within 10 min (3). Such findings provide
considerable assurance that the effect of T3 on the S14 gene is
direct and not mediated by the product of an antecedent T3
target gene. Ofinterest is the equally rapid response ofthe mature
mRNA to the administration of dietary carbohydrate and the
synergistic interaction between this dietary stimulus and T3 in
the induction of mRNA-S14 (4). Such an interaction is typical
of the behavior of several lipogenic enzymes previously studied
in our laboratory (5). Another aspect ofthe regulation ofhepatic
mRNA-S14 is the threefold circadian variation in expression
that has been demonstrated in the unmanipulated animal (1).
These findings, together with the fact that mRNA-S 14 is most
abundantly expressed and regulated in lipogenic tissue (liver,
lactating mammary gland, and adipose tissue) (6), suggest that
this sequence encodes a protein involved in fatty acid synthesis.
Towle and colleagues have sequenced the primary transcript of
the S 14 gene and have demonstrated the existence oftwo exons
with one intervening sequence and the presence of two poly-
adenyation sites (7). No homology is apparent, either between
the nucleotide sequence of the coding regions or the inferred
amino acid sequence ofthe protein and corresponding sequences
stored in national computer banks.

In an effort to identify the potential contribution of other
factors that might be important in determining the expression
of the S 14 gene, we evaluated the effect ofglucagon on mRNA-
S14 in the intact animal. This hormone was selected because
several studies had previously demonstrated that glucagon in-
hibits the induction of mRNA for lipopogenic enzymes (8, 9),
and studies by Mariash and co-workers in our laboratory had
shown that glucagon causes a monoexponential decrement in
the level ofmRNA-S14 in cultured hepatocytes (10). The current
report describes the results ofour recent experiments in the living
animal. The marked interaction of glucagon with T3 may pro-
vide an important clue regarding the molecular action of both
hormones. Moreover, the exquisite dependence ofboth glucagon
and T3 effects on circadian factors may reflect the operation of
a hitherto unrecognized influence on the regulation of hepatic
metabolism.

Methods

Animal manipulations. Male Sprague-Dawley rats (Biolab Corp., St. Paul,
MN) weighing -200 g (four per cage) were adapted to a 12-h light/12-
h dark (lights on at 0700 h) schedule with ad lib. access to chow (Ralston
Purina Co., St. Louis, MO) and water before use. Rats were killed (four
per group) by exsanguination via the abdominal aorta under light ether
anesthesia at the indicated intervals. Livers were frozen in liquid N2 and
stored at -80°C. Hormone injections consisted ofglucagon (Eli Lilly &
Co., Indianapolis, IN) in a 1:4 dilution of the diluent (glycerin 1.6%,
phenol 0.2%) supplied by the manufacturer and given intraperitoneally
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in the doses and at the intervals indicated. Control animals received
appropriate diluent alone. After preliminary dose-response studies, a
regimen of three injections (25 ug glucagon/100 g body wt) at 15-min
intervals was employed routinely. T3 (200 ,ug/l00 g body wt) was given
intraperitoneally in a solution of 2.5% human serum albumin at the
indicated time before death. Experiments were performed during the
morning (0800 h) or evening (1700 h) plateaus ofthe mRNA-S14 diurnal
rhythm (1) to minimize fluctuations of the baseline.

Quantitation of mRNA-S14. Quantitation was by dot-blot hybrid-
ization as previously described (1). Total hepatic RNA was extracted by
a modification of the guanidine HCI method of Munnich et al. (11).
Aliquots (1, 2, 3, 4 Mg/dot) of each sample were immobilized on nitro-
cellulose sheets (BA85; Schleicher and Schuell, Inc., Keene, NH) and
hybridized in a solution of [32P]cDNA-S14-E7, 2 X 106 cpm/ml and
50% formamide at 420C overnight. The insert, corresponding to 420 bp
of the 5' coding region of mRNA-S14, was cloned by Dr. Towle (7).
Quantitation was by computer-assisted videodensitometry (12) of au-
toradiographs prepared from the blots (AR5 x-ray film; Eastman Kodak
Co., Rochester, NY). The relationship between autoradiographic OD
and mass of RNA/dot was linear within the range employed. Results
are expressed as OD per microgram RNA immobilized, determined by
linear regression for each sample, as a percent of that observed for an
interassay hepatic RNA standard pool derived from T3-treated, carbo-
hydrate-fed rats.

Quantitation ofthe relative rate ofS14 gene transcription. Quantitation
was performed by the method of McKnight and Palmiter (13) using
nuclei prepared by a modification of the method of Lamer (14), which
has been published (15). The relative rate of S14 gene transcription,
expressed as parts per million (ppm), was corrected for nonspecific binding
to a filter on which plasmid (pBR322) DNA (2 gg) had been immobilized
(5-10 ppm) and for the efficiency ofthe hybridization reaction (40-60%)
based on values obtained for a 3H-labeled cRNA synthesized from the
S14 cDNA insert.

Two-dimensional electrophoresis of in vitro translation products.
Electrophoresis was performed as described previously (2), employing a
rabbit reticulocyte lysate system (Bethesda Research Laboratories,
Gaithersburg, MD). 20 /g of total RNA were added to each tube in the
presence of [35S]methionine (Amersham Corp., Arlington Heights, IL),
and equal amounts (1 X 106 cpm) of TCA-precipitable radioactivity
were subjected to two-dimensional electrophoresis by a modification of
the procedure of O'Farrell (16). Quantitation of autoradiographic spots
that appeared to change on all gels by visual inspection was by the vi-
deodensitometric method of Mariash et al. (12). These data were trans-
formed (In [x + 1]) before statistical analysis.

All results were assessed by analysis of variance (ANOVA) (17) or
linear regression as indicated in the text.

Results

Initially we assessed the effect of intraperitoneal injections of
glucagon on the hepatic level ofmRNA-S 14. These experiments
were carried out in the evening (1900-2400 h) when the hepatic
content of mRNA-S14 is maximal (1). Rats (four per group)
received either vehicle or glucagon (2.5 or 25 gg/100 g body wt
i.p.) starting at 1930 h, and all animals were killed at 2400 h. A
significant (P < 0.05) diminution ofmRNA-S14 below the levels
ofunmanipulated animals was observed with both doses of glu-
cagon (2.5 ,g; 28±3% of unmanipulated (mean±SEM, 25 Ag;
16±4%). Since the vehicle-injected groups also revealed a sig-
nificant (P < 0.05) but lesser decrement (50±9%) in comparison
to the unmanipulated animals, it was apparent that vehicle ad-
ministration also constituted a stimulus for the reduction of
mRNA-S 14. In another set of experiments with a different in-
jection schedule (one injection at 1900 h, one at 1945 h; animals
killed at 2030 h), we also noted a dose-response relationship.
Glucagon doses of 25, 50, and 100 gg/100 g body wt lowered

mRNA-S14 levels to 48±7, 31±6, and 20±2% ofthe initial value,
respectively.

We examined in greater detail the apparently nonspecific
effect produced by vehicle injections. We considered the possi-
bility that this effect could have resulted from one oftwo factors:
(a) the light exposure that was necessitated by the experimental
manipulation during the dark cycle of the animals, or (b) the
cessation of food intake that we noted in injected animals. Ac-
cordingly, the following experiment was performed. Separate
groups of rats were exposed to (a) 4 h of light, (b) 4 h of food
restriction, and (c) light exposure and vehicle injection every 40
min. The latter group failed to consume chow during the ex-
periment. Results are depicted in Table I. Food deprivation per
se resulted in a 54% (P < 0.05) reduction in the level ofmRNA-
S14. Light exposure by itself, however, was without effect. The
combined effects of repeated injections, the resultant voluntary
food deprivation, and light exposure closely approximated the
reduction produced by food restriction alone. We could not test
the effect of injections independent of food restriction, since, as
pointed out above, the injected animals stopped eating. In pre-
liminary experiments, however, sucrose gavage (1 ml 60%/l100
g body wt) before vehicle injections abrogated the nonspecific
effect (data not shown). Our findings are therefore consistent
with the hypothesis that the effects of vehicle injections result
from the cessation of food intake that accompanies injections.

The observation that administration of glucagon results in
a marked and immediate depression of mRNA-S14 raised the
question ofthe specificity ofthis effect for thismRNA sequence.
Accordingly, we compared the translational activity profile of
hepatic RNA obtained from control, vehicle, and glucagon-
treated animals. Such profiles were generated by two-dimensional
electrophoretic separation ofradioactively labeled in vitro trans-
lational products. The intensity of the spots generated by ra-
dioautography was quantitated by computer-assisted densitom-
etry. Visual inspection ofthe -240 spots seen on the gels showed
that only the translational product of mRNA-S14 decreased in
intensity over the 4 h after either glucagon or vehicle injection
(Table II). Although the mean intensity of spot 14 diminished
in the vehicle-injected animals, the decrease did not reach sta-
tistical significance. Of interest was the observation that two
hitherto unrecognized spots, (Mr/pI, 38,000/6.6; 52,000/6.6) in-

Table I. Effects ofFood Restriction, Light Exposure,
and Vehicle Injection on Hepatic mRNA-S14

Treatment
Chow mRNA-

Injection Food Light consumed S14

g/4 rats per 4 h % basal

No Yes Off 21 100±4
No Yes On 29 105±15
No No Off 0 46±8*
Yes Yes On 0 50±9*

Rats (four per group) were subjected to either food restriction, expo-
sure to light, or both, with or without diluent injection every 40 min
from 1930 to 2400 h. The effect of injection and normal food intake
could not be assessed, as injected animals did not eat offered chow.
Hepatic mRNA-S14 is expressed as a percentage (mean±SEM) of the
mean level in the basal state (food present, lights off) at 2400 h.
* Different from basal, P < 0.05 by ANOVA.

1092 W. B. Kinlaw, H. L. Schwartz, H. C. Towle, and J. H. Oppenheimer



Table II. Rapid Effects ofRepeated Glucagon Injection
on Translational Activities ofRat Hepatic mRNAs

Translational Products

Group S14 GLUC I GLUC 2

cpm/spot cpm/spol cpm/spot

Unmanipulated 959±292 0 0
Diluent 510±152 36±15 312±78*t
Glucagon (25 gg/100 g

body wt) 24±4*t 1058±147*t 868±166*t

Data are mean±SEM (three per group). Glucagon-inducible spots are
identified GLUC 1 or 2 (Mr/pI, 52,000/6.6, 38,000/6.6, respectively).
Animals were killed at 2400 h after 4.5 h of injections at 40-min inter-
vals. Data were transformed [In (x + 1)] for statistical analysis.
* Different from unmanipulated, P < 0.05 by ANOVA.
f Different from vehicle injected, P < 0.05.

creased after both vehicle and glucagon administration. For each,
the increase was significantly greater with glucagon. Our results
therefore indicate that the rapid effects of glucagon on levels of
specific mRNA sequences are highly selective. It is conceivable,
however, that those mRNA sequences that diminished within
the 4-h experimental period had rapid fractional turnover and
that other sequences with longer half-times would have also
changed if the stimulus had been maintained for a longer period.
Further, our results support our supposition that the glucagon-
induced changes are qualitatively similar to those brought about
by vehicle injection, presumably as a consequence of the asso-
ciated cessation of food intake.

As illustrated in Fig. 1, we examined in greater detail the
kinetics of decline of mRNA-S14 as a consequence of a series
of three intraperitoneal glucagon doses (25 jug/100 g body wt
administered at 1 5-min intervals). These experiments started at
1900 h and terminated 4 h later. Euthyroid rats demonstrated
a monoexponential decline in mRNA-S14 (r = -0.86) to 18%
of the initial value at 4 h. In the same experiment, we tested the
effect ofT3 (200 sg/I00 g body wt, i.p.) administered 24 h before
glucagon (Fig. 1). In this group, the effect ofglucagon was mark-
edly attenuated; levels of mRNA-S14 fell only to 70% of the
baseline value.

The monoexponential disappearance of mRNA-S14 after
glucagon injection in euthyroid animals suggested that this effect
could be the result ofa cessation of transcription. A large increase
in the fractional degradation rate ofmRNA-S14, however, could
lead to a similar result that could not be readily differentiated
given the inherent experimental variation. We therefore tested
this question directly by nuclear run-off assay in euthyroid and
hyperthyroid rats before and 105 min after glucagon injection.
In euthyroid rats, the transcriptional rate declined by over 90%
after glucagon (218±15 to 17±3 ppm, mean±SD). Hyperthyroid
animals exhibited only a 19% diminution (228±24 to 185±24
ppm). Given the variance associated with both the kinetic and
transcriptional measurements, it appeared that the reduced
transcriptional rate accounted for most, ifnot all, ofthe difference
between the initial value and the new steady state in the hyper-
thyroid group.

It appeared possible that the ability ofT3 to partially reverse
the effect of glucagon was the result of a lowered glucagon con-
centration caused by a T3-induced increase in glucagon turnover.

560
.5 50

40 dil
0)30 L Euthyroid

Z 20,
E if

G G G

0 60 120 180 240
Minutes

Figure 1. Time course of mRNA-S14 disappearance after glucagon in-
jection. Rats received either T3 (200 Mg/100 g body wt, i.p.) or saline
18 h before glucagon injection (25 Mg/100 g body wt, i.p., three doses
at 15-min intervals) at 1900 h. Animals (8 per timepoint) were killed 4
h after glucagon injection. Data are percent of initial (mean±SEM);
dil, groups that received diluent rather than glucagon; arrows, time of
glucagon injection. The plot for the hyperthyroid group is depicted as
curvilinear because in vitro nuclear transcriptional assays demon-
strated a submaximal (20%) diminution in this group, in contrast to
the essentially complete (90%) reduction in the euthyroid group.

An increased turnover of many substances is associated with
the hyperthyroid state produced by T3. This appeared possible
in our protocol because T3 was fully administered 1 d before
glucagon. To evaluate this possibility, we injected T3 (200 ,g/
100 g body wt i.p.) 15 min after the initial series ofthree glucagon
injections (25 ,ug/100 g body wt every 15 min). Animals were
killed 90 min after the T3 injection (2115 h). Fig. 2 A shows an
almost immediate reversal of the glucagon-induced decline in
mRNA-S14. Since the full metabolic effects of T3 are not
achieved until many hours after T3 administration (18), these
observations made it improbable that the glucagon level was
lowered as a consequence of a T3-induced increase in glucagon
turnover. Of interest in this experiment was the surprising ob-
servation that animals injected with T3 alone at this hour (1900)
showed no increase in mRNA-S14 over baseline levels. This
stands in contrast with the brisk increase in mRNA-S14 observed
in animals injected with T3 in the morning (19). The failure of
T3 to elicit a major increase in the level of mRNA-S14 when
injected in the evening was confirmed in a longer experiment
in which T3 (200 ug/!100 g body wt) was administered to a group
of four euthyroid rats at 1900 h. 4 h later, only a nonsignificant
25±7% (mean±SEM) increase was observed.

To complement studies of the interaction of glucagon and
T3 in the evening, we carried out an analogous protocol in the
morning, when the level of mRNA-S14 is one-third of that at
1900 h (Fig. 2 B). As expected from previous studies, T3 ad-
ministration resulted in a 2.3-fold increase in the level ofmRNA-
S14 within 90 min. Curiously, however, glucagon did not cause
a further lowering of the basal value ofmRNA-S14 and had no
effect on the induction ofthis sequence by subsequent treatment
with T3.

Discussion

One of the basic findings in this study is the prompt reduction
in the level of mRNA-S14 when glucagon is administered to
euthyroid rats in the evening. After preliminary studies in which
we examined several injection schedules, we standardized our
approach by injecting three successive doses ofglucagon (25 Mg/
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Figure 2. Rapid interaction of T3 and glucagon at the peak (PM) and
nadir (AM) of the mRNA-S14 diurnal cycle. Data are mean±SEM
(eight per timepoint). Rats received diluent or glucagon (25 jig/I00 g
body wt i.p., three doses at 15-min intervals), followed 15 min later by
diluent or T3 (200 Mg/100 g body wt i.p.). GLUC + T3 indicates T3
after glucagon, Dil + T3 indicates T3 following diluent, GLUC + dil
received no T3. AM panel commenced at 0800 h, PM at 1900 h.

100 g body wt) at 15-min intervals. This resulted in a monoex-
ponential disappearance of mRNA-S14 for the subsequent 4 h
with an approximate t1/2 of 90 min. The fact that during this
period the disappearance curve did not trail off suggested that
the mechanism responsible for the decay was a cessation in the
formation of the mRNA, either because of an interruption of
transcription, a defect in nuclear processing, or destabilization
of the precursor mRNA (3). Transcriptional assays indicated a
90% reduction in in vitro nuclear transcription rates after glu-
cagon injection. Ifwe assume that these measurements provide
a valid indication of in vivo processes and that glucagon has no
additional effects on the turnover ofmRNA-S 14, we can infer,
from the kinetic data, an approximate half-life for mRNA-S14
of 90 min.

The effect ofglucagon on mRNA-S 14 levels within the time
period studied appeared to be highly selective. Visual exami-
nation oftwo-dimensional mRNA activity profiles revealed that
of the 240 spots visible, mRNA-S14 was the only sequence that

decreased as a result of glucagon administration. Two other
mRNA sequences, however, increased. The electrophoretic mo-
bility of one of these spots (Mr, 38,000) did correspond to the
enzyme tyrosine aminotransferase, which isknown to be induced
by glucagon (20). The mobility of the other spot (M, 52,000)
did not correspond to that of other known glucagon-inducible
mRNA sequences, such as that encoding phosphoenolpyruvate
carboxykinase (21). It is probable, however, that if we had ex-
tended the duration of our studies, we would have been able to
demonstrate the increase or decrease of other mRNA sequences.
A half-time of - 90 min allows mRNA-S14 to fluctuate rapidly
under the influence of a variety of stimuli.

Of interest was the observation that repeated injections of
vehicle resulted in a reproducible decrease in mRNA-S 14. This
decrease, however, was uniformly less than that produced by
glucagon. Further, our studies indicate that animals subjected
to injection stopped eating and that the decrement of mRNA-
S14 in food-restricted rats over a similar time period was almost
identical to that in injected rats. Moreover, preliminary studies
indicate that sucrose gavage prevents this effect. We therefore
believe that the nonspecific effects of vehicle injection that we
observed can be explained by the cessation of food intake, al-
though the possibility that both reduced food intake and mRNA-
S 14 reduction are due to a common stress-related stimulus
cannot be rigorously excluded. The increase in the two mRNA
sequences noted in the mRNA activity profile after vehicle in-
jection may therefore also represent the effects of food depri-
vation. The fact that levels of the same mRNA sequences are
influenced both by glucagon and vehicle injection suggests that
the effects ofglucagon on mRNA levels are qualitatively similar
but ofgreater magnitude than those initiated by food deprivation.

A second major finding in these studies was that T3 antag-
onizes the effect ofglucagon on mRNA-S 14. When animals were
treated with a receptor-saturating dose ofT3 1 d before glucagon
injection, only a 31% decrement in mRNA-S14 was observed.
Moreover, there was a preservation of the nuclear transcription
rate in the T3-treated group. The lesser decrement in mRNA-
S14 levels appears to reflect a transcriptional effect rather than
a stabilization of the mRNA by T3 under these circumstances.
Of additional interest is the speed with which T3 antagonizes
the glucagon effect. In the experiment illustrated in Fig. 2 A, the
injection ofT3 was followed by a reversal of the glucagon effect
within 90 min. It is therefore apparent that the ability of T3 to
reverse the effect of glucagon is not contingent on the establish-
ment of a hyperthyroid state in the tissues, since this requires
many hours (18).

Previous studies in our laboratory have led to the proposal
that there is a multiplicative interaction between the T3 nuclear
receptor complex and a factor induced by carbohydrate metab-
olism in the induction of several lipogenic enzymes. Such in-
teractions have been observed both in the intact animal (5) as
well as in cultured hepatocytes (22). More recent experiments
have shown that there is a similar synergistic interaction between
carbohydrate and T3 in the induction of mRNA-S14 (4). The
resemblance between the behavior of lipogenic enzymes and
mRNA-S14 is in accord with the current evidence favoring a
role for the S14 protein in lipogenesis, as cited in the introduction.
In hepatocyte culture studies, the addition of glucagon causes a
rapid decrease in mRNA-S14 but, curiously, this effect is not
antagonized by the presence of T3 (10). These findings point to
a significant difference between the in vitro and in vivo systems,
which thus far remains unexplained.
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Most unanticipated was the third major finding, namely the
dependence of the hepatic response to T3 and glucagon on cir-
cadian factors. When glucagon was administered at 0800 h, there
was no fall in mRNA-S 14, in marked and reproducible contrast
to the brisk reduction affected at 1900 h. On the other hand, in
confirmation of multiple previous studies from our laboratory,
T3 elicited the expected 2.3-fold increase in mRNA-S14 when
injected into euthyroid rats at 0800 h. Further, glucagon was
unable to antagonize this response. These changes in hepatic
responsivity were reminiscent ofthe threefold circadian variation
in mRNA-S14 that we have previously studied (1). In unman-
ipulated animals feeding ad libitum and with a 0700-1900-h
lights on period, the nadir of hepatic mRNA-S14 occurs at

1000 h and the zenith at -2200 h.
It appears possible that the circadian variation in levels of

mRNA-S14 is a reflection of the changes in sensitivity to the
stimuli noted in the present studies. We should like to advance
an admittedly speculative hypothesis to account for such changes.
We propose that a circulating inhibitor ofmRNA-S14 formation,
analogous to glucagon, undergoes periodic cycles with maximal
values in the morning and minimal values in the evening. Such
a factor would account for the minimal values of the mRNA in
the morning and the maximal values in the evening. Adminis-
tration of glucagon in the morning produces no further effect,
as inhibition is already maximal. Further, we propose that T3
serves to antagonize the effect of this inhibitor, thus allowing a
major increase in the rate of mRNA production after admin-
istration of T3 in the morning. In the evening, the endogenous
rate ofproduction ofmRNA-S14 is maximal, since the inhibitor
is minimal. Injection ofT3 therefore produces no further increase
in the level ofmRNA-S 14. Glucagon, however, inhibits the gen-
eration of mRNA-S 14, resulting in the observed decrease. Pro-
vision of an exogenous inhibitor at that hour permits the dem-
onstration ofa T3 effect that is not otherwise observed. It should
be possible to test this hypothesis in further experiments. Of
interest in this regard is the report ofTiedgen and Seitz (23) that
circulating levels of glucagon in rats on a stock diet resembling
our own exhibit a vary small diurnal variation that is not reflected
in hepatic cAMP content. It therefore appears unlikely that glu-
cagon itself is the putative circadian inhibitory factor.

The broader physiological significance of these findings de-
serves comment. We recognize that the doses of glucagon used
in these studies, though commonly used in whole animal ex-
periments, may be supraphysiologic. Although it is tempting to
suggest that the elevations of glucagon associated with starvation
(24) may contribute to the reduction of mRNA-S14 in that cir-
cumstance, the precise role ofglucagon in this and other processes
must await a rigorous quantitative comparison of plasma levels
and tissue effects. On the other hand, our results do suggest that
glucagon could serve as a physiological inhibitor of S14 gene
transcription. Ifthe circadian factors noted in these experiments
also influence the generation of mRNA sequences coding for
lipogenic enzymes, the longer half-lives of such sequences will
obscure the effect on levels of those sequences. The results of
our studies may also have implications with respect to T3 action
at the molecular level. The observation that T3 rapidly overrides
the inhibitory influence of glucagon raises the possibility that
thyroid hormone may act by opposing factors that inhibit the
transcription of other genes as well. Such a proposal, however,
poses a dilemma. Ifglucagon reduces mRNA-S14 expression by
inhibiting transcription and T3 reverses this process, we would
anticipate that the administration ofT3 to hypothyroid animals

should result in augmented transcription. Studies by Narayan
and Towle (15), however, have shown that the increase in the
in vitro nuclear transcriptional assay is modest and transient,
and is clearly insufficient to account for the observed increase
in mRNA-S14 induced by T3. This discrepancy, in conjunction
with the kinetic data showing that the nuclear precursor of
mRNA-S14 rises before the mature RNA, prompted these au-
thors to propose that the stabilization of the precursor was a
major contributory factor to the observed increase in the mature
RNA. Three potential explanations arise. (a) The glucagon-T3
interaction may be only a special example and not a general
model of thyroid hormone action. (b) The in vivo inhibitory
factor may be better preserved in nuclei derived from hypothy-
roid animals, thus leading to an underestimation of the tran-
scriptional component in the induction of mRNA-S14 by T3
in hypothyroid animals. (c) Glucagon destabilizes the primary
transcript both in vivo and in the in vitro nuclear assay. This
would lead both to a reduction in the formation rate of the
mature RNA in vivo and to an apparent reduction in the in
vitro transcriptional assay. Again, we would have to postulate
that the glucagon effect would carry over more effectively from
the in vivo to the in vitro assay than the effect ofhypothyroidism.
Other explanations could be advanced, but additional data are
required to resolve the issue.
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