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Autoregulation of glucocorticoid receptor (GR) concentration in vivo may be an important determi-
nant of steroid sensitivity. The dynamics of GR regulation were assessed and compared to regulation
of tyrosine aminotransferase (TAT) expression in liver tissue taken from rats treated with a single
50 mg/kg i.v. dose of methylprednisolone. Plasma methylprednisolone concentrations were deter-
mined by HPLC analysis. Receptor and TAT message levels were determined by quantitative
Northern hybridization. Methylprednisolone plasma kinetics showed a half-life of 0.6 h. Receptor
occupancy occurred rapidly and cytosolic GR reappeared over 2-12 h. TAT activity rose between 2
and 6h and then dissipated. Reduction in receptor mRNA levels occurred very rapidly, being
detectable by 30 min following steroid administration. A down-regulated steady-state in GR message
expression was reached by 2 h post-injection, and was maintained throughout the 18 h examined in
this study. Comparison of methylprednisolone kinetics demonstrated that down-regulation was
maintained long after drug was eliminated. In contrast, TAT message induction occurred with a
sharp peak; maximal induction occurred between 5-6 h and return to baseline at approx. 8-10h
post-induction. This study shows that unlike TAT induction, GR message repression in vivo does not
require continual presence of hormone.
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INTRODUCTION Many of the effects of corticosteroids are mediated
through regulation of gene expression at the level
of transcription. Corticosteroids function as tissue
specific trans-acting transcription regulators, inducing
or repressing a small subset of genes within a given
target. The generally accepted model of steroid action
[reviewed in 1, 2] involves binding of hormone to
cytoplasmic receptor, translocation of the hormone—
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Adrenal corticosteroids are both a major regulatory
factor controlling systemic gluconecogenesis and an
important component of long-term stress responses in
mammals. In addition, synthetic glucocorticoids are
widely employed as clinical immunosuppressive and
anti-inflammatory agents. Therefore, ascertaining the
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The consensus of experimental evidence indicates that
cytoplasmic receptor concentration is a major factor
governing steroid responsiveness. In steroid sensitive
cell culture models [3-5], transfected cell studies [6, 7],
tn vivo animal studies [8], and clinical studies [9] a
correlation between cellular receptor concentration and
magnitude of response has been noted. As with virtu-
ally all hormone systems studied to date, glucocorticoid
receptor number is not static, but fluctuates with
changing physiological circumstances. A major factor
determining receptor concentration is exposure to the
hormone itself. Autoregulation of glucocorticoid recep-
tor has been documented in a variety of systems both
at the protein and mRNA levels [reviewed in 1, 3, 10].

If receptor availabilitv governs steroid responsive-
ness, then there are several unanswered questions that
are important to understanding steroid sensitivity
in vivo, as well as for optimizing the design of clinical
dose regimens. The first is ascertaining the dynamics of
autoregulation of receptor gene transcription. The sec-
ond is understanding the co-ordinate regulation of
receptor and non-receptor target gene expression. The
third is understanding the relationship between the
dynamics of message expression and the expression
of corresponding protein. We have used quantitative
Northern hybridization procedures developed in our
laboratory [11] to examine the dynamics (temporal
pattern and magnitude) of receptor mRNA and TAT
mRNA expression in liver tissue taken from a popu-
lation of animals treated with a single dose of methyl-
prednisolone. In addition, we also examined the
expression of receptor protein as reflected by equi-
librium binding analyses and TAT protein as reflected
by enzymatic activities concurrently with GR and
TAT message expression. TAT was chosen as a non-
receptor target gene in this study because its induction
by glucocorticoids in liver is well characterized [e.g.
1, 12, 13]. The pharmacokinetics and pharmacodynam-
ics of methylprednisolone have been partly assessed in
the rat and a dose of 50 mg/kg has been shown to
produce a moderate TAT response in vivo. This study
demonstrates that regulation of TAT message and
TA'T enzymatic activity as compared to receptor mess-
age and ligand binding occur with distinctly different
temporal patterns in the same tissue. Furthermore, this
study demonstrates that receptor regulation in vivo
occurs extremely rapidly and lasts long after the re-
moval of hormone from the system.

MATERIALS AND METHODS
Anvmal manipulations

Male adrenalectomized Wistar rats were purchased
from Hilltop Lab Animal Inc. (Scottsdale, PA). Ani-
mals were housed in a 12 h light~dark, constant tem-
perature environment (22"C) with free access to rat
chow (Agway RMH 1000) and a 0.9%, NaCl drinking
solution. Animals were acclimatized to this environ-
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ment for at least 1 week. 1 day prior to study, rats were
subjected to right external jugular vein cannulation
under light ether anesthesia. Cannula patency was
maintained with sterile saline. Food was removed 14 h
before each experiment. MPL as the sodium succinate
salt (Upjohn Co., Kalamazoo, MI) was reconstituted
with the supplied diluent. Rats received a single injec-
tion of either MPL at a dose of 50 mg/kg or an equal
volume of saline (control) via the cannula over 30s. At
various times (0.5-18 h) after MPL administration, rats
were sacrificed; generally, 2 animals were sacrificed at
each time point. Blood was drained from the abdominal
aorta into a heparinized syringe. Blood was immedi-
ately centrifuged, plasma was harvested, and frozen at
—20°C until assay. After blood drainage, the liver was
rapidly excised. A portion of the liver was rapidly
frozen in liquid nitrogen and stored at —80°C until
RNA preparation. The remainder of the liver was used
immediately for receptor measurements and measure-
ment of TAT enzymatic activity.

Quantitative Northern hybridization

Procedures for the quantitation of Northern hybrid-
ization data have been described previously [11]. In
brief, those procedures use an externally added cRNA
pseudomessage standard in conjunction with cRNA
concentration curves for both the standard and the
experimental message of interest. These procedures
allow for conversion of hybridization signals into moles
of message per gram of tissue. Hybridization signals
were quantitated using a Betascope (Betagen Corp.)
Triplicate determinations of hybridization signals were
performed for each animal, and co-efficients of variance
were in all cases less than 129,. Details of RNA
preparations, external standards, iz vitro transcription
procedures, and TAT hybridizations are as previously
reported. For GCR hybridization studies, a 1.0kb
clone of the mouse glucocorticoid receptor (generously
supplied by Dr Gordon Ringold) was employed [14]. A
777 bp piece of that cDNA was first subcloned into
PGEM3Z in the Pstl and HindIII sites, in order that
both unlabeled sense cCRNA standards as well as radio-
labeled antisense riboprobe could be prepared by
in vitro transcription. In preparing riboprobe, **P-GTP
was used as the labeled nucleotide. Hybridizations
were carried out overnight at 65°C in a solution of
5 x SSPE, 1%, SDS, 2 x Denhardt’s reagent 509, for-
mamide, 100 yg/ml salmon sperm DNA. Figure 1
presents an autoradiogram of 1 of the 9 GCR hybridiz-
ation matrices used in this study. It should be pointed
out that this autoradiogram is presented only as an
illustration of these hybridizations; hybridization sig-
nals (CPMs) were quantitated directly from hybridiz-
ation matrices using a Betascope.

Chytosolic glucocorticoid receptor

Hepatic cytosolic GCR was determined using full
isothermal association curves and analyzed by
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Scatchard analyses as previously described [15].
Briefly, liver was homogenized and then centrifuged to
obtain a clear supernatant. Cytosol was incubated at
4°C for 18 h with [*H]dexamethasone (40 Ci/mmol,
Amersham, Arlington Heights, IL) in the presence and
absence of excess unlabeled dexamethasone. Bound and
free steroid were separated by charcoal adsorption.
Aliquots were counted, and total binding (D) and
non-specific binding (Dys) of dexamethasone were
determined. Based on data obtained for total bound,
non-specific bound, and free dexamethasone (D), glu-
cocorticoid receptor density (B,,,,) was estimated using
PCNONLIN (SCI Software Inc., Lexington, KY) by
solving equations 1 and 2 simultaneously:

D+ B
D = Dyg + —oemmmax (H
i NS D+ K,
Dys = Kys * D, {2

where Ky, is the equilibrium dissociation constant, and
Kys 1s the non-specific binding constant.
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Tyrosine aminotransferase enzyme activity

Hepatic TAT activity was determined by the method
of Diamondstone [16]. Absorbance was recorded at
331 nm using a Perkin-Elmer double-beam spectro-
photometer. Tissue protein content was measured
using the method of Lowry et al. [17]. TAT activity
was expressed as the change in absorbance (AA) per
minute per milligram of hepatic protein.

Plasma hormone assay

Plasma samples were thawed at room temperature.
Aliquots (0.2-2.0 ml) were transferred into Pyrex glass
culture tubes (Corning Glass Works, Corning, NY).
Plasma samples were extracted with methylene chlor-
ide. The organic layer was washed with 0.1 N sodium
hydroxide followed by distilled water. Plasma concen-
trations of MPL (Cyp) were determined by high
performance liquid chromatography [18]. The calcu-
lated limit of quantitation was 8.0ng/ml and co-
efficients of variance were less than 109, (inter-day and
intra-day). Plasma MPL concentration versus time (z)

Fig. 1. Autoradiogram of a representative matrix used for quantitative Northern hybridization of GCR mRNA. The 12 lanes on

the left contain triplicate determinations of 4 different liver samples. The remaining lanes contain ¢cRNA standards of known

concentrations. The top signals reflect hybridization to the GRG-1 probe (external standard), bottom signals reflect hybridization
to the GCR probe.
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data were described by:
Cap = Cixe " 4 Coxe 2

The intercept coefficients (C; and C,) and slopes ( 4,
and 4,) were estimated by least-squares fitting using
the PCNONLIN program.

RESULTS

Figure 2 presents the plasma MPL concentrations
versus time after administration of MPL in this group
of animals. The decline was biexponential with a
terminal half-life of 0.58 h. By 8 h, measurable hor-
mone was completely cleared from the system. The
fitted coefficients were C, = 48.37 ug/ml, A, = 7.83 h !,
C,=1323 ug/ml, and i, =1.20h""!.

Figure 3(A and B) shows the amount of GCR
message as determined by Northern hybridization and
receptor number as determined by ligand binding in
liver tissue from these animals versus time after admin-
istration of MPL. At 30 min post-injection (the earliest
time point examined in this study), a measurable
decline in GCR message was observed, and by 2 h had
declined to a new baseline whose average value (2-18 h
animals) was 42°, of controls (controls = 9.95 + 1.53;
injected = 4.17 + 0.99 fmol/g tissue). GCR message re-
mained repressed at this level throughout the 18h
examined in this study. In contrast, ligand binding had
dropped to essentially zero at the 30 min time point,
from a base-line of 43 nM measured in control tissues.
After approx. 2-3 h, measurable receptor binding be-
gan to rise, reaching a new steady-state of 589, baseline
value at 8-10 h post-injection.
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Fig. 2. Plasma methylprednisolone concentrations determined from
HPLC analysis as a function of time following administration of a
50 mg/kg i.v. dose to a group of rats.
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Figure 3(C) presents the dynamics of TAT mRNA
expression and Fig. 3(D) the TAT enzymatic activities
in liver tissue taken from this same animal population.
Following a 2-3 h lag period, TAT mRNA concen-
trations began to rise, reaching a peak at 5.5h post-
injection. TAT message concentration thereafter
declined and reached baseline by 8-10 h after injection.
The pattern of TAT enzyme activity was very similar
to the pattern of TAT mRNA expression, except that
peak TAT activities were found at 6.5 h post-injection,
with a return to baseline at approx. 12h.

DISCUSSION

This study involved treatment of an animal popu-
lation with a single bolus i.v. dose of the glucocorticoid,
methylprednisolone (50 mg/kg). This and other related
synthetic glucocorticoids are used clinically for im-
munosuppressive/anti-inflammatory therapy. Intra-
venous administration through jugular vein cannulae
was employed because this method allows for rapid and
controlled hormone delivery. Figure 2 presents the
kinetics of plasma MPL in the blood of these animals;
the pharmacokinetic parameters calculated from these
data are comparable to data previously reported for this
dose and type of rats [19]. Plasma hormone levels
persist at concentrations that are above the K, value of
methylprednisolone for about 8 h. Since it has been
shown that tissue levels of MPL closely parallel blood
levels, the results suggest that by 8 h tissue MPL is also
below K concentration.

Autoregulation of glucocorticoid receptor has been
noted in a variety of systems studied [reviewed in
3, 10]. Decreased receptor protein associated with in-
creased hormone concentration has been measured
both by immunologic techniques [e.g. 20, 21] and by
binding studies {e.g. 22,23]. In addition, a relative
decrease in GCR mRNA content following hormone
treatment has been reported both in cell culture sys-
tems [e.g. 21, 24-28] and in tissue taken from hormone
treated animals [21, 29]. In cell culture systems, vari-
ations in the kinetics of relative receptor mRNA
changes have been noted. Some reports have observed
a monophasic decrease in message expression, with
variations in time to a new steady-state ranging from 2
to 48 h of hormone treatment [25-28]. Others have
reported a biphasic change in message expression, with
an initial relative increase in message at 6 h followed by
a decrease at 24—48h [21, 24]. Differences in the re-
ported dynamics of GR mRNA expression in culture
probably reflect inherent differences in the cell systems
employed. Therefore, cell culture results may or may
not be similar to i vivo regulation. However, two
reports of GCR message repression in tissue taken from
adrenalectomized rats treated with glucocorticoids have
previously been published. Kalyinyak ez al. [29] found
a 409, relative decrease in GCR message expression in
liver 6 h after i.p. dexamethasone treatment (7 mg/kg).
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Fig. 3. Average message and protein levels in liver tissue as a function of time following administration of a 50 mg/kg dose of

methylprednisolone to a group of rats. (A) GR mRNA as determined by quantitatiave Northern hybridization; (B) GR as determined

by ligand binding; (C) TAT mRNA as determined by quantitative Northern hybridization; (D) TAT activity determined
spectrophotometrically.

In that report, a semi-quantitative analysis was per-
formed using scanning densitometry of relative hybrid-
ization signals obtained from control and treated
samples. Dong ez al. [21] presented qualitative data on
hybridization signals in liver tissues taken from animals
at 4, 8, 18, 24, and 48 h after a single 1.p. dose of
dexamethasone (4 mg/kg). In that report, an autoradio-
gram showed a visible decrease in GCR hybridization
signal at 4 h, a greater decrease at 8 h, disappearance of
the signal at 18 and 24 h, and reappearance of signal at
48 h. However, neither study included analysis of
plasma drug levels or was as comprehensive as the
present investigation.

We present here a quantitative analysis of the dy-
namics of GCR message expression in liver tissue taken

from a series of animals following a single bolus i.v.
injection of the synthetic glucocorticoid methylpred-
nisolone [Fig. 3(A)]. Somewhat surprisingly, down-
regulation of receptor message occurred extremely
rapidly in this study; even more surprising was the fact
that down-regulation was maintained long after hor-
mone levels reached below concentrations active in
mass action driven receptor mediated reactions. By
30 min following hormone injection a decrease in mess-
age expression was evident, and expression reached a
new steady state level by 2 h. The more rapid changes
in message expression observed here as compared to
that observed by Dong et al. [21] may be attributable
to differences in hormone dose andjor delivery. As
illustrated by Fig. 2, hormone delivery to tissue by our
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procedures was extremely rapid and the drug would be
presented to the liver as a high bolus concentration.
Following an i.p. injection drug introduction to the
liver would be presumably slower and more diffuse.
Furthermore, a comparison of Figs 2 and 3 demon-
strates that down-regulation is maintained long after
hormone has cleared from the system, since no recov-
ery from down-regulation is seen throughout the 18 h
studied.

The dynamics of TAT message expression
[Fig. 3(C)] differ substantially from receptor message
expression. Initial changes in TAT message expression
occur several hours after changes in receptor message
first become apparent (i.e. an increase in TAT message
levels are first measurable 2-3 h after hormone injec-
tion). Also, in contrast to changes in receptor message
expression, TAT mRNA levels reach a peak at 5-6h
post-injection and then decline. These data substan-
tially agree with a previous report which measured
relative changes in TAT mRNA expression in rat liver
following time after hormone treatment. Chesnokov
et al. [30] measured peak TAT message concentrations
that represented a 7-fold increase relative to controls at
4 h following hormone administration (hydrocortisone,
50 mg/kg i1.p.). Our results found a peak TAT message
content of 1000 fmol/g tissue at 5.5 h post-injection,
with baseline values of 160 fmol, representing a 6-fold
induction of message expression.

The profile of TAT activity [Fig. 3(D)] exhibits
similarities to the profile of TAT mRNA expression.
Both exhibit a relatively sharp increase followed by an
equally sharp decrease in expression, with the TAT
activity curve being shifted to the right by approx. 1 h.
In contrast, GCR activity as measured by cytosolic
binding exhibited a distinctly different profile from that
of GCR message expression. Cytosolic receptor as
measured by ligand binding virtually disappeared at
early times following hormone administration
{Fig. 3(B)]. Since these studies entailed equilibrium
binding and since cytosol fractions were charcoal ab-
sorbed to remove free steroid prior to the addition of
ligand, it is unlikely that the presence of high concen-
trations of drug at these early time points interfered
with the measurement of receptor number. Although
altered half-lives of receptor protein have been re-
ported in cell culture following glucocorticoid treat-
ment [reviewed in 3, 10], it is unlikely that this could
account for the virtual disappearance of binding ac-
tivity at early times after MPL administration in our
study. More likely, the absence of detectable cytosolic
binding may reflect nuclear localization of receptor at
these early time points. In any case, a new steady-state
in binding activity is reached by about 10h after
injection; like receptor message expression, cytosolic
binding remained reduced throughout the 18 h exam-
ined here, long after hormone had cleared the system.

Northern hybridization techniques allow for deter-
mination of steady state levels of specific mRNA popu-
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lations. Therefore, these techniques are unable to
mechanistically distinguish between changes in tran-
scription rate versus changes in message stability as
contributory factors to changes in message population
levels. In the case of receptor message, conflicting
evidence exists from cell culture studies as to whether
or not glucocorticoids induce a destabilization in
receptor message [reviewed in 3, 10]. However, when
receptor stability was assessed at the inception of
down-regulation as opposed to after a new steady-state
has been achieved, Vedeckis et al. [31] found evidence
for hormone-induced message destabilization. The
rapidity of the drop in receptor message levels observed
in our study is not inconsistent with receptor destabi-
lization as a contributory factor in message down-
regulation. Furthermore, evidence obtained primarily
from cell culture studies [reviewed in 1, 2] indicates
that modulation of transcriptional rates of at least
non-receptor target genes is dependent on hormone
presence. The dynamics of TAT message induction in
our study are consistent with this evidence, since peak
message induction occurred at around 5.5 h, a time at
which measured hormone levels (10 ng/ml) approxi-
mate MPL K, values (7.5ng/ml). In contrast, the
extraordinarily long lasting suppression of steady state
GR message levels demonstrates that either transcrip-
tional repression of the receptor gene does not require
continued presence of hormone, or that mechanisms
other than transcriptional repression are involved in
GR message autoregulation.
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