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Abstract
Circadian and ultradian variations of basal glucocorticoid secretion and transient elevations during
stress are essential for homeostasis. Using intronic qRT-PCR to measure changes in primary
transcript (hnRNA) we have shown that secretory events induced by stress or ACTH injection are
followed by episodic increases in transcription of rate limiting steroidogenic proteins, such as
steroidogenic acute regulatory protein (StAR), cytochrome P450 side chain cleavage and
melanocortin receptor associated protein. These transcriptional episodes imply rapid turnover of
steroidogenic proteins and the need of de novo synthesis following each secretory event. In
addition to episodic ACTH secretion, it is likely that intracellular feedback mechanisms at the
adrenal fasciculata level contribute to the generation of episodes of transcription. The time
relationship between activation and translocation of the CREB co-activator, transducer of
regulated CREB activity (TORC) to the nucleus preceding transcriptional episodes suggest the
involvement of TORC in the transcriptional activation of StAR and other steroidogenic proteins.

Introduction
Glucocorticoids produced in the zona fasciculata of the adrenal gland are the final product of
activation of hypothalamic pituitary adrenal (HPA) axis and are essential for normal
metabolic activity and adaptation during stress (McEwen, 1998; Munck and Naray-Fejes-
Toth, 1994). Their synthesis is initiated by the transport of cholesterol to the inner
mitochondrial membrane by steroidogenic acute regulatory protein (StAR) (Stocco and
Clark, 1996). This is followed by the conversion of the 27-carbon, cholesterol to the 21-
carbon, pregnenolone, by cytochrome 450 11A (CYP 11A) or side chain cleavage enzyme
(Churchill and Kimura, 1979). A series of consecutive steps catalyzed by 3β-dehydrogenase/
Δ 5–4 isomerase, 21βhydroxylase (or CYP212A), and 11β-hydroxylase (CYP11B1) leads
to the formation of glucocorticoids, corticosterone in rat and mouse, and the 17-
hydroxylated cortisol in humans and other mammalian species (Bush, 1953; Hum and
Miller, 1993). The secretion of glucocorticoids is regulated by pituitary adrenocorticotropic
hormone (ACTH) which is under the control of hypothalamic corticotrophin releasing
hormone (CRH) (Vale et al., 1981). Adrenal steroidogenesis is activated by the binding of
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adrenocorticotropin hormone (ACTH) to receptors in the cell surface of steroidogenic cells
in the adrenal zona fasciculata, the melanocortin 2 receptor (MC2R), a guanyl nucleotide
coupled receptor linked to adenylate cyclase-protein kinase A (PKA) dependent pathways
(Mountjoy et al., 1992). In contrast to other G protein coupled receptors, the MC2R requires
an accessory protein, called melanocortin receptor accessory protein (MRAP), for its
transport to the plasma membrane and biological activity (Metherell et al., 2005).

Glucocorticoids are essential for homeostasis and for survival in severe stress (McEwen,
1998; Munck et al., 1984). In addition, they exert negative feedback in the brain and anterior
pituitary corticotrophs to inhibit CRH and ACTH secretion and prevent the deleterious
effects of excessive HPA axis activation (Dallman et al., 1994). In basal conditions
circulating glucocorticoid levels follow circadian (daily) and ultradian (hourly) rhythms,
with levels being low during the resting period, and starting to rise approximately 2 hours
before the active period (day time in humans and night time in mice and rats (Desir et al.,
1980; Gallagher et al., 1973). The ultradian rhythm consists of hourly pulses throughout the
24h period, with amplitude and frequency varying depending on the circadian phase (Carnes
et al., 1989; Lightman et al., 2008). Super-imposed on the circadian and ultradian variations,
stress induces rapid and transient increases in blood glucocorticoids, the magnitude and
duration of which depends on the duration and nature of the stressor. This episodic nature of
glucocorticoid secretion, with ultradian pulses in basal conditions and super-imposed
transient increases during stress is essential for homeostasis, especially during stress
adaptation. Alteration of this episodic pattern of secretion, leading to prolonged constant
levels of circulating glucocorticoids, can result in neuroendocrine, behavioral and metabolic
dysfunction due to changes in glucocorticoid receptors and tissue responsiveness to the
steroid (Sarabdjitsingh et al., 2010).

Despite the recognized importance of glucocorticoid pulsatility (Lightman et al., 2008;
Stavreva et al., 2009), the mechanisms underlying episodic activity in the adrenal are not
completely understood. In contrast to peptide hormones which are released from stored
pools, steroid hormones cannot be stored in the cell and are released immediately upon
synthesis. Rapid activation of proteins involved in steroidogenesis by phosphorylation plays
a role in the immediate initiation of steroidogenesis and glucocorticoid secretion upon
stimulation of the adrenal by ACTH (Chaudhary and Stocco, 1991; Mikami and Strott,
1986; Miller and Strauss, 1999; Pon et al., 1986). However, the well recognized requirement
of de novo protein synthesis for activation of steroidogenesis, suggests that regulation of
steroidogenic proteins at the transcriptional or post-transcriptional levels is involved in pulse
generation (Ferguson, 1963; Garren et al., 1965). This article describes studies
demonstrating that secretory episodes in vivo are associated with transcriptional pulses for a
number of important steroidogenic proteins, and explores molecular mechanisms potentially
involved in transcriptional pulsatility in the adrenal. All animal procedures described in the
article were performed according to NIH guidelines and approved by the NICHD Animal
Care and Use Committee, or University of Bristol Ethical Review Group.

1. Episodic glucocorticoid secretion and steroidogenic enzyme transcription
The recognized requirement of de novo steroid biosynthesis for steroidogenesis suggests that
rapid induction of proteins important for steroidogenesis plays a role in determining the
secretory pattern. To determine whether steroidogenic episodes are associated with
transcription of steroidogenic proteins, we measured changes in primary transcript or
heteronuclear RNA (hnRNA) of genes including the rate limiting protein StAR, as well as
CYP 11A, and MC2R Accessory Protein (MRAP), following activation of steroidogenesis.
Levels of hnRNA were measured in decapsulated adrenals by real time PCR using primers
against intronic sequences (Spiga et al., 2011a; Spiga et al., 2011b). Since introns are rapidly
spliced out to form mature RNA or messenger RNA (mRNA), changes in hnRNA levels are
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good indicators of gene transcription (Fremeau et al., 1986; Liu et al., 2008; Young et al.,
1986). MC2R was also studied but since in rats the gene does not have any introns (Benson
et al., 2005; Cone et al., 1993), only mRNA levels could be measured.

1.1 Acute stress induced steroidogenesis—Male Sprage Dawley rats, 250-300 g
were subjected to restraint stress for 1 h, and groups were sacrificed by decapitation in
control conditions or at the time points indicated in the figures. As shown in Fig 1, the
expected increases in plasma ACTH and corticosterone following restraint stress for 1 h (Fig
1-A and B) were accompanied by simultaneous increases in StAR (Fig 1-C) and CYP 11A
(Fig 1-D) hnRNA, indicative of increases in transcription. The fact that the glucocorticoid
secretion is accompanied by episodes of transcription strongly suggests that the protein
undergoes rapid turnover and that de novo protein synthesis is required to sustain adrenal
responsiveness. The increases in hnRNA were followed by increases in mRNA, which were
marked for StAR but minor and not statistically significant for CYP 11A mRNA. It is well
recognized that protein synthesis blockers prevent the initiation of steroidogenesis
(Ferguson, 1963) and that activation requires de novo protein synthesis (Garren et al., 1965).
This labile protein was later identified as StAR, thus rapid turnover of this rate limiting
protein for steroidogenesis was not unexpected. As the first step in steroid biosynthesis; the
conversion of cholesterol to pregnenolone catalyzed by CYP 11A or side chain cleavage
enzyme is also a rate limiting step. It is noteworthy that this enzyme is also rapidly induced
by stress. Whether other enzymes of the steroid biosynthetic pathway are inducible during
stress remains to be determined.

In addition, stress had marked effects on the expression of proteins related to the adrenal
responses to ACTH, the MC2R and the accessory protein MRAP. As seen in Fig 1-E, stress
causes a rapid and marked increase in MRAP hnRNA, indicating transcriptional induction
by stress. The increases in hnRNA were followed by marked increases in MRAP mRNA.
This suggests that regulation of this protein, critical for the biological activity of the MC2R,
is important for the control of adrenal sensitivity to ACTH. Since in rodents the MC2R does
not have an intron, it was not possible to measure transcription by qPCR. However, in
contrast with the marked increases in StAR and MRAP mRNA, stress did not increase
MC2R mRNA, but there was a significant decrease by 2 h, followed by recovery to near
basal levels by 4 h (Fig 1-F). This is similar to observations with other G-protein coupled
receptors, such as the V1b vasopressin receptor and the CRH receptors in which mRNA
levels decrease following acute stress (Rabadan-Diehl et al., 1995; Rabadan-Diehl et al.,
1996). This suggests that as with the latter receptors, regulation is predominantly at the
translational level rather than transcriptional (Aguilera et al., 2003). The decrease in MC2R
mRNA could be due to mRNA utilization during translation to newly synthesized protein. In
addition, studies in transfected cells have shown that MC2R activation is followed by
receptor internalization and recycling to the membrane (Roy et al., 2011). Thus, receptor
recycling would decrease the need for transcription for each secretory episode.

1.2 The effect of stress on steroidogenic protein transcription is reproduced
by ACTH—ACTH is the major regulator of steroidogenesis in the adrenal fasciculata and
studies in reporter gene assays (Ivell et al., 2000; Manna and Stocco, 2007) or examining
changes in mRNA levels (Lehoux et al., 1998; Sewer and Waterman, 2003) suggest that
ACTH stimulates StAR transcription. To determine whether ACTH mediates the effect of
stress on the transcription of steroidogenic proteins, hnRNA levels for StAR, Cyp 11A,
MC2R and MRAP were measured following ACTH injection. As shown in Fig 2-A and B,
an injection of synthetic ACTH 1–24, 5 μ-g, i.p. (Cortrosyn, Amphastar Pharmaceuticals,
Rancho Cucamonga, CA) in methylprednisolone-suppressed rats (Solu-Medrol, Pharmacia
& Upjohn Co, Division of Pfizer Inc, NY, 500 μg/rat, 2 h prior to ACTH injection),
increased plasma ACTH and corticosterone in the range of the increases during stress,
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though of shorter duration (ACTH levels had returned to near basal by 30 min, Fig. 2-A and
B). Similar to the observations with restraint stress, elevations in plasma ACTH were
followed by marked increases in StAR, CYP 11A and MRAP hnRNA levels, which are in
keeping with transcriptional induction. Consistent with the shorter duration of the ACTH
increases, hnRNA levels for the 3 proteins returned to basal by 60 min (Fig 2-C, D and F).
The changes in mRNA were minor and not statistically significant. Similar to the responses
to stress, MC2R mRNA showed a reduction at 1 h, the latest time point measured (Fig 2-E).
These data suggest that the effects of restraint stress on steroidogenic protein transcription
are mediated by ACTH.

1.3 Stimulation of ultradian corticosterone pulses by ACTH induces peaks of
transcription—Studies examining the effect of small intravenous ACTH pulses to mimic
normal ultradian pulsatility of glucocorticoid secretion have shown that minor increases in
plasma ACTH levels are sufficient to induce StAR, CYP11A and MRAP transcription
(Spiga et al., 2011a). In these experiments, an i.v. injection of 4ng of ACTH 1–24
(Synacthen, Alliance Pharmaceutical, Chippenham, UK) caused a transient, about 25-fold
increase in plasma corticosterone levels, comparable to an ultradian pulse, in spite of non-
statistically significant increases in circulating ACTH (Fig 3-A and B). The increases in
plasma corticosterone were accompanied by rapid and significant increases in StAR, CYP
11A and MRAP hnRNA levels, 3 min after injection (Fig 3-C, D and F). In contrast to the
increases in StAR and MRAP mRNA following stress and higher ACTH doses, RNA levels
for these proteins were unchanged following injection of the low ACTH dose. This apparent
lack of change is probably due to increased mRNA turnover as the result of protein
synthesis. Again, MC2R mRNA levels did not increase but showed a tendency to decrease
(Fig 3-E).

The hnRNA responses of StAR, CYP 11A and MRAP to such small elevations in circulating
ACTH indicate that transcriptional responses of the adrenal fasciculata are highly sensitive
to ACTH. Moreover, there is evidence that episodes of transcription in the adrenal
fasciculata can be maintained following repeated small pulses of ACTH (Spiga et al.,
2011b). In the latter study, measurement of StAR, CYP11A and MRAP hnRNAs in the
adrenal fasciculata 24 h after pulsatile ACTH infusion (4ng every hour), revealed levels
significantly higher during the peak of the infusion compared with the descending phase of
the pulse infusion. The repeated transcriptional episodes associated with each pulse of
steroid secretion supports the view that these proteins undergo rapid turnover and that
activation of transcription and de novo protein synthesis are part of the mechanism of
pulsatility. It should be noted that the increases in plasma corticosterone, following either
ACTH injection or stress, always preceded the increases in StAR, CYP 11A and MRAP
hnRNA. This supports the view that rapid glucocorticoid biosynthesis and secretion depends
on post-transcriptional and post-translational events, such as phosphorylation of pre-existing
steroidogenic proteins (Chaudhary and Stocco, 1991; Mikami and Strott, 1986; Miller and
Strauss, 1999; Pon et al., 1986). On the other hand, rapid transcriptional responses would
restore mRNA pools to allow synthesis of steroidogenic proteins required for the next
ultradian pulse or stress mediated secretory episode.

2. Potential mechanisms for transcriptional pulsatility
The mechanisms of episodic transcription of StAR, CYP 11A and MRAP are likely to
involve both episodic patterns of ACTH secretion, as well as intrinsic molecular
mechanisms at the adrenal level allowing rapid initiation and termination of the
transcriptional response.
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2.1 Episodic ACTH secretion
Studies in humans (Gallagher et al., 1973; Keenan et al., 2004; Weitzman et al., 1971) and
in larger mammals such as horse (Cudd et al., 1995; Keenan et al., 2009) and sheep (Engler
et al., 1989) have shown that plasma ACTH levels in basal conditions vary in a pulsatile
manner. Similarly, the increases in circulating ACTH during stress are transient
(Sarabdjitsingh et al., 2010). Thus, it is likely that the major determinant of adrenal
pulsatility is the pulsatile pattern of ACTH secretion. The use of intronic qRT-PCR has
made it possible to measure rapid changes in transcription in relation to the increases in
circulating ACTH. The time relationship between the increases in plasma ACTH just
preceding the increases in steroidogenic proteins hnRNA is consistent with the role of
ACTH mediating the initiation of transcription. In keeping with the ACTH dependence of
the transcriptional response, the decline in hnRNA in general coincided with the decline in
plasma ACTH (Figs 1 to 3). Moreover, studies in methylprednisolone-suppressed rats have
shown that pulsatile but not continuous ACTH infusion restored pulsatile corticosterone
secretion and changes in hnRNA for StAR, CYP11A and MRAP (Spiga et al., 2011b).

Although the weight of the evidence indicates that pulsatile ACTH is a major determinant of
adrenal pulsatility, in vitro studies in collagenase dispersed adrenal fasciculata cells or Y1
cells show that ACTH induced hnRNA for StAR or MRAP (Y Liu, L Smith, M Olah and G
Aguilera, unpublished observations) start to decline in spite of sustained ACTH levels in the
incubation medium. This raises the possibility that intracellular feedback mechanisms may
contribute to limiting transcriptional responses.

2.2 Intracellular feedback mechanisms on steroidogenic protein transcription
The MC2R signals through cyclic AMP-protein kinase A (PKA)-dependent pathways
(Mountjoy et al., 1992). PKA rapidly induces steroid biosynthesis and secretion by
activating pre-existing steroidogenic proteins, including StAR, through phosphorylation
(Pon et al., 1986). A number of transcription factors, including cyclic AMP response
element binding protein (CREB), cyclic AMP response element modulator (CREM),
steridogenesis factor1 (SF1), CCAAT/enhancer binding protein (C/EBP) are involved in the
transcriptional regulation of StAR (Christenson et al., 1999; Manna et al., 2002). PKA
activates the cyclic AMP responsive element binding protein (CREB) through
phosphorylation, which is a major transcription factor in promoting transcription of StAR
and probably other steroidogenic proteins. Consistent with the recognized role of CREB in
the transcriptional control of steroidogenic proteins, restraint stress, or ACTH injection
resulted in rapid increases in phospho-CREB in nuclear proteins of the adrenal fasciculata
(Figs 4-, 5- and 6-C, ). Transcriptional regulation in other systems, including regulation of
corticotropin releasing hormone, inducible cyclic AMP early repressor (ICER) contributes to
the self-limitation of cyclic AMP/PKA/CREB dependent transcription (Liu et al., 2006;
Shepard et al., 2005). This repressor isoform of the cAMP response element modulator
(CREM) (Foulkes et al., 1991; Molina et al., 1993) contains the DNA binding domain but
not the transactivation domain of CREM and acts as a competitive inhibitor of pCREB-
dependent transcription (Liu et al., 2006; Molina et al., 1993). ICER is expressed in the
adrenal cortex and it has been shown that its expression increases in response to surgical
stress in the rat adrenal gland, and that this effect is blocked by hypophysectomy and is
reproduced by ACTH injection (Della Fazia et al., 1998). The generation of ICER during
ACTH-stimulated steroidogenesis suggests that the repressor has a role in the regulation of
transcription in the adrenal cortex, but its role in the generation of episodic transcription of
StAR, Cyp 11A and MRAP will be the subject of future studies. Also, there is evidence that
inactivation of the CREB co-activator, transducer of regulated CREB activity (TORC), by
salt inducible kinase (SIK) may serve as an intracellular limiting mechanism for CRH
transcription (Liu et al., 2010; Liu et al., 2012). It is possible that these mechanisms
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involved in the hypothalamic regulation of the HPA axis, also participate in transcriptional
pulse generation in the adrenal cortex.

2.2.1 Transducer of regulated CREB activity (TORC)—For a number of CREB
regulated genes, CREB alone is not sufficient to activate transcription but it requires the
CREB co-activator, transducer of CREB regulated activity (TORC), also called CREB
regulated transcription co-activator (CRTC) (Conkright et al, 2003; Iourgenko et al, 2003).
Three isoforms of TORC have been identified, TORC 1, 2 and 3. In basal conditions, TORC
is in the cytoplasm bound to the scaffolding protein, 14-3-3, in a phosphorylated state by the
TORC kinase, salt inducible kinase (SIK), which has two isoforms, SIK1 and SIK2. PKA-
dependent phosphorylation of SIK results in its inactivation, thus allowing
dephosphorylation of TORC and its translocation to the nucleus, where it regulates CREB-
dependent transcription. The TORC/SIK system has been implicated in adrenal regulation
(Takemori and Okamoto, 2008). SIK is present in the adrenal and studies in cell lines have
shown that its inhibition by the protein kinase inhibitor, staurosporine, induces StAR and
steroidogenic enzymes parallel to TORC dephosphorylation (Takemori et al., 2007). To
determine whether the TORC/SIK system contributes to transcriptional pulse generation in
the adrenal, it was important to first examine the effects of ACTH in TORC activation in
relationship with the initiation and termination of the transcriptional response of
steroidogenic proteins. TORC dephosphorylation following PKA inactivation of SIK can be
detected in the western blot by a slightly more rapid migration in the gel electrophoresis
(Conkright et al, 2003).

Western blot analysis of cytoplasmic and nuclear proteins from adrenal fasciculata in rats
subjected to restraint stress using TORC2 showed a reduction in the upper band
corresponding to phosphorylated TORC and an increase in a lower band corresponding to
dephospho-TORC at the first time point measured, 3 min (Fig-4-B and D). In contrast, basal
nuclear dephospho-TORC2 levels were low, started to increase by 3 min, and reached a
maximum by 7.5 min, concomitant with the rise in StAR hnRNA (Fig 4-B and D). Both
nuclear TORC2 levels and StAR hnRNA had declined to basal levels by 120 min. A similar
temporal pattern with increases in nuclear TORC 2 preceding the increases in StAR hnRNA
were observed following ACTH injection (Figs 5 and 6). A single injection of ACTH 1–24,
5μ-g, i.p., in methylprednisolone-suppressed rats at the time points indicated in the figures
show rapid decreases in cytoplasmic phospho-TORC2 parallel to increases in nuclear
dephosphorylated TORC2. As seen in Fig 5, significant increases in nuclear TORC2 were
already evident at 5 min (B and D), while the increases in StAR hnRNA became evident at
the next time point, 15min (A). As previously shown in Fig 2, hnRNA levels for CYP11A
and MRAP also raised after TORC2 had migrated to the nucleus. Smaller changes with an
identical pattern were found with the ACTH injection mimicking ultradian variations, 4ng iv
(Figure 6) (Spiga et al., 2011b). The temporal pattern of TORC2 translocation to the nucleus
also precedes the induction of CYP11A and MRAP hnRNA shown in Figs 1 to 3, suggesting
that TORC is involved in the transcriptional regulation of all of these proteins essential for
steroidogenesis.

Prior to the discovery of the CREB co-activator TORC, studies using reporter gene assays
showed that SIK overexpression down-regulated the expression of several steroidogenic
proteins including StAR, CYP11A, CYP11B1 and CYP11B2 (Lin et al., 2001). Later it
became clear that SIK phosphorylates TORC and that SIK over-expression phosphorylated
TORC in adrenal cell lines (Katoh et al., 2004). Figure 7 shows that both SIK 1 and SIK2
are present in the adrenal zone fasciculata in rats. Consistent with other systems such as the
hypothalamic paraventricular nucleus and the pineal gland, SIK 1 is highly inducible (Kanyo
et al., 2009; Liu et al., 2012). Injection of ACTH, 5 μg, in methylprednisolone-suppressed
rats caused marked increases in SIK mRNA of about 10-fold by 15 min and 30-fold by 30

Liu et al. Page 6

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 May 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



min which returned to basal levels by 1 h (Fig 7). The lower ACTH injection dose
mimicking an ultradian pulse (4ng) was also shown to increase SIK1 mRNA at 30 min
(Spiga et al., 2011a). In contrast SIK2 showed a slight but significant increase (less than 2-
fold) after 30 and 60 min (Fig 7).

Although there is unequivocal evidence that induction of steroidogenic proteins transcription
by stress of ACTH is associated with TORC trafficking to the nucleus, the precise role of
TORC in the regulation of these proteins expression is still under investigation. The
temporal sequence of nuclear translocation of TORC preceding hnRNA induction episodes
supports a role for the co-activator in transcriptional pulse generation. However, elucidation
of the effects of TORC/SIK overexpression and knock down, as well as the ability of the
promoters to recruit TORC will be critical to elucidate this question.

Conclusions
Increasing evidence indicates that episodic patterns of glucocorticoid secretion are essential
for maintaining transcriptional responsiveness of glucocorticoid-dependent genes
(Sarabdjitsingh et al., 2010; Spiga et al., 2011b). The recent introduction of intronic qRT-
PCR to measure primary transcript levels in adrenal tissue has made it possible to detect
rapid changes in transcription of key proteins involved in steroidogenesis (Liu et al., 2008;
Spiga et al., 2011a; Spiga et al., 2011b). The studies described above clearly demonstrate
that the transient increases in glucocorticoid secretion induced by stress are associated with
transcriptional episodes of steroidogenic proteins including StAR, CYP11A and MRAP. The
ability of ACTH injections providing plasma levels in the stress range to mimic ultradian
pulses or stress-induced transcriptional episodes suggests that episodic ACTH secretion is
largely responsible for the transcriptional events. The repeated transcriptional episodes
associated with each pulse of steroid secretion suggest rapid turnover of critical
steroidogenic proteins and that activation of transcription and de novo protein synthesis are
part of the mechanism of pulsatility.

In addition to pulsatile ACTH secretion it is likely that intrinsic adrenal mechanisms
involving intracellular feedback events contribute to episodic transcription. A potential
mechanism includes ACTH-mediated induction of inducible cyclic AMP early repressor
(ICER). The demonstration that transcriptional episodes are preceded by rapid translocation
of the CREB co-activator, transducer of regulated CREB activity (TORC) to the nucleus,
suggests that ACTH mediated activation of TORC is necessary for transcriptional initiation.
Similarly the decline of TORC in the nucleus in conjunction with the induction of the TORC
kinase, SIK1, implies that TORC inactivation could contribute to termination of the
transcriptional response. Current evidence indicates that in addition to ACTH pulsatility,
intra-adrenal mechanisms, such as ICER and the TORC/SIK system, could act as on/off
switches for rapid activation and inactivation of steroidogenic protein transcription,
including StAR. However, further studies are clearly needed to elucidate the relative role of
these mechanisms on the physiological control of transcriptional episodes in the adrenal.

Abbreviations

ACTH adrenocorticotropic hormone

CRH corticotrophin releasing hormone

StAR steroidogenic acute regulatory protein

CYP11A cytochrome P450 11A or side chain cleavage enzyme

CYP11B1 cytochrome P450 11beta 1
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CYP11B2 cytochrome P450 11beta 2

CREB cyclic AMP response element binding protein

CREM cyclic AMP response element modulator

hn heteronuclear RNA

ICER inducible cyclic AMP early repressor

HPA axis hypothalamic pituitary adrenal axis

MC2R melanocortin type 2 receptor or ACTH receptor

MRAP melanocortin receptor associated protein

PKA protein kinase A

qRT-PCR real time polymerase chain reaction

RNA ribonucleic acid

SF1 steroidogenic factor 1

SIK salt inducible kinase

TORC transducer of regulated CREB activity.
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Highlights

• The transient increases in glucocorticoid secretion induced by stress are
associated with episodes of transcriptional activity of proteins necessary for
steroidogenesis

• Episodic transcription of steroidogenic proteins can be reproduced by ACTH
injections providing pulses of circulating levels either in the stress or basal
ultradian levels

• ACTH causes rapid translocation of the cyclic AMP responsive element binding
protein (CREB) co-activator, transducer of regulated CREB activity, TORC, to
the nucleus, preceding the initiation of each steroidogenic protein transcriptional
episode.

• The time correlation with sequential TORC translocation to the nucleus,
episodes of steroidogenic protein transcription, and induction of the TORC
kinase, salt inducible kinase (SIK) suggest that activation and inactivation of
TORC may contribute to the generation of transcriptional pulses.
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Highlights

Basal and stress-induced adrenal glucocorticoid secretion are episodic

Episodic secretion parallels episodes of steroidogenic protein gene transcription

ACTH mediates ultradian and stress-induced transcriptional episodes

Nuclear localization of the co-activator, TORC, precedes transcriptional activation

TORC regulation may play a key role in transcriptional pulse generation
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Fig 1.
Effects of restraint stress on the levels of ACTH [A] and corticosterone [B] in plasma, and
heteronuclear (hn, ) and messenger (m, ) RNA levels for StAR [C], cytochrome
P450 side chain cleavage (CYP11A) [D], melanocortin type 2 receptor (MC2R) [E] and
melanocortin receptor associated protein (MRAP) [F] in the adrenal zona fasciculata. Rats
were subjected to restraint stress for 1h (indicated by the black bar) and killed by
decapitation at the time points indicated. One-way-ANOVA showed significant effects of
stress on plasma hormone levels, and on StAR, CYP 11A and MRAP hnRNAs, and StAR
and MRAP mRNAs. MC2R mRNA showed a tendency to decrease. Data points represent
the mean and SE of the values in 4 rats per time point. *, p<0.05; **, p<0.01; ***, p<0.001
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Fig 2.
Effects of ACTH injection, 5μg, i.p., on the levels of ACTH [A] and corticosterone [B] in
plasma, and heteronuclear (hn, ) and messenger (m, ) RNA levels for StAR [C],
cytochrome P450 side chain cleavage (CYP11A) [D], melanocortin type 2 receptor (MC2R)
[E] and melanocortin receptor associated protein (MRAP) [F]. Rats were killed by
decapitation at the time points indicated. One-way-ANOVA showed significant effects of
stress on plasma hormone levels, and on StAR, CYP 11A and MRAP hnRNAs, and StAR
and MRAP mRNAs. MC2R mRNA showed a tendency to decrease. Data points represent
the mean and SE of the values in 4 rats per time point. *, p<0.05; **, p<0.01; ***, p<0.001.
The arrows indicate the time of ACTH injection.
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Fig 3.
Effects of a low dose ACTH injection (4ng, iv) on the levels of ACTH [A] and
corticosterone [B] in plasma, and adrenal zona fasciculata levels of heteronuclear (hn, )
and messenger (m, ) RNA levels for StAR [C], cytochrome P450 side chain cleavage
(CYP11A) [D], melanocortin type 2 receptor (MC2R) [E] and melanocortin receptor
associated protein (MRAP) [F]. Rats were killed by decapitation at the time points indicated.
Plasma ACTH levels tended to increase at 5 min. This small and non-statistically significant
increase in plasma ACTH injection caused significant increases in plasma corticosterone
levels, accompanied by significant increases in StAR, CYP 11A and MRAP hnRNAs, and
StAR and MRAP mRNAs. No changes in MC2R mRNA were observed following the
ACTH injection. Data points represent the mean and SE of the values in 3 to4 rats per group.
The arrows show the time of ACTH injection. *P<0.01; **P<0.005 compared to time 0.
Figure modified from data in Spiga et al, 2011a
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Fig 4.
Time-relationship between levels of StAR hnRNA (A), cytoplasmatic phospho-TORC2
(pTORC2, ) and nuclear dephospho TORC2 (dpTORC2, ) protein (B), and
nuclear phospho-CREB (pCREB) (C), in the adrenal zona fasciculata of rats subjected to
restraint stress Rats were subjected to restraint stress for 1h (indicated by the black bar) and
killed by decapitation at the time points indicated. Significant increases in nuclear TORC2
preceded the increases in StAR hnRNA. Significant increases in nuclear phospho-CREB
levels paralleled to increases in StAR hnRNA. Data points represent the mean and SE of the
values in 4 rats per group. *, p<0.05; **, p<0.01; ***, p<0.001. D shows representative
western blots for cytoplasmic pTORC2, nuclear dpTORC2 and pCREB. Beta actin and
histone deacetylase (HDAC) were used as controls for cytoplasm and nuclear proteins,
respectively.
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Fig 5.
Time-relationship between levels of StAR hnRNA (A), cytoplasmatic phospho-TORC2
(pTORC2, ) and nuclear dephospho TORC2 (dpTORC2, ) protein (B), and
nuclear phospho-CREB (pCREB) (C), in the adrenal zona fasciculata of rats subjected to ip
injection of 5μg ACTH Rats were killed by decapitation at the time points indicated.
Significant increases in nuclear dpTORC2 and pCREB preceded the increases in StAR
hnRNA. Data points represent the mean and SE of the values in 4 rats per group; the arrows
show the time of ACTH injection. *p<0.05; **p<0.01; ***p<0.001. D shows representative
western blots for cytoplasmic pTORC2, nuclear dpTORC2 and pCREB. Beta actin and
histone deacetylase (HDAC) were used as controls for cytoplasm and nuclear proteins,
respectively.
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Fig 6.
Time-relationship between levels of StAR hnRNA (A), cytoplasmatic phospho-TORC2
(pTORC2, ) and nuclear dephospho TORC2 (dpTORC2, ) protein (B), and
nuclear phospho-CREB (pCREB) (C), in the adrenal zona fasciculata of rats subjected to iv
injection of 4ng ACTH Rats were killed by decapitation at the time points indicated.
Significant increases in nuclear dpTORC2 and pCREB preceded the increases in StAR
hnRNA. Data points represent the mean and SE of the values in 3 to 4 rats per time point.
The arrows show the time of ACTH injection. *p<0.05; **p<0.01. D shows representative
western blots for cytoplasmic pTORC2, nuclear dpTORC2 and pCREB. Beta actin and
histone deacetylase (HDAC) were used as controls for cytoplasm and nuclear proteins,
respectively. Figure modified from data in Spiga et al, 2011a
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Fig 7.
Time course of the effect of ACTH, 5μg, i.p., on levels of SIK1 and SIK2 mRNA in the
adrenal zona fasciculata SIK1 mRNA was highly inducible increasing by about 30-fold by
30 min, while SIK2 increased by less than 2-fold. *,p<0.05; **, p< 0.01; ***, p<0.001. Data
points represent the mean and SE of the values in 4 rat per group.

Liu et al. Page 20

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 May 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


