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SUMMARY
An investigation of the effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) on the liver cytosolic glucocorticoid receptor (GRc)
in intact and adrenalectomized (ADX) rats, using equilibrium
binding analysis, sucrose gradient sedimentation, and affinity
labeling experiments, clearly demonstrated that TCDD signifi-
cantly reduced the binding capacity (Bmax) of the hepatic GRc
but did not alter the apparent equilibrium dissociation constant
(Kd). This effect was maximal after 24 hr and was still present
22 days after treatment. Western blot analysis revealed that
TCDD treatment did not cause a comparable decrease in the
levels of immunodetectable receptor protein, which suggests
that the steroid-binding properties of the hepatic GRc are altered,
rather than the absolute concentration of receptor protein. Stud-
ies of TCDD effects on the uptake of GRc by nuclei indicated
that TCDD treatment did not alter the ability of the steroid-GRc
complex to be taken up by nuclei; however, TCDD treatment did

increase the total capacity of liver nuclei to bind steroid-GRc
complexes. TCDD dose-response studies that compared the
hepatic GRc steroid binding of ADX and intact rats indicated that
adrenalectomy markedly enhanced the response to TCDD. Sig-
nificant effects on the GRc binding in ADX animals were induced
at TCDD doses that were 1 0,000 times lower than those required
for a response in intact rats. Analysis of two other biochemical
markers demonstrated that ADX rats were 1 0-fold more sensitive
to the induction of microsomal benzo[a]pyrene hydroxylase but
of similar sensitivity to reduction of epidermal growth factor
receptor binding, when compared with the responses of intact
animals. These data indicate that adrenal status may be impor-
tant in modulating the responses of the animals to TCDD and
that the alteration of the hepatic GRc pathway may have a role
in some of the actions of TCDD.

TCDD is an environmental contaminant formed during the

synthesis of the herbicide 2,4,5-trichlorophenoxyacetic acid (1,

2). Accidental human exposure to TCDD has resulted in nu-

merous clinical reports describing chloracne and hepatic dys-

function (3). In certain animal models, TCDD is a potent

teratogen (3), hepatocarcinogen (4), and liver tumor promoter

(5). In addition, it induces a number of hepatic enzymes such

as microsomal BPH and it influences hepatic plasma membrane

proteins such as the EGF receptor (6). Although the mechanism

of TCDD-induced toxicity is not clear, the involvement of a

specific intracellular protein, the Ah receptor, has been postu-

lated to mediate some of the toxic effects of TCDD (7, 8). In

addition to this receptor system, circulating glucocorticoids

and/or the GRe pathway may also be involved in mediating

TCDD toxicity because ADX rats are more sensitive to the

lethal effects of TCDD than are intact animals (9-11).

In target tissues, the GRc is an intracellular steroid binding

protein that specifically binds glucocorticoid-like steroids and

undergoes a process known as “transformation” that results in

the exposure of a DNA-binding site and enables the steroid-

GRc complex to translocate to the nucleus, bind to chromatin,

and alter transcription of specific genes (12, 13). The present

report describes time course and dose-response relationships of

TCDD-mediated effects on the hepatic GRc in intact and ADX

adult female rats.

Materials and Methods

Chemicals. [1,2,4,6,7-H]Dexamethasone (70 to 90 Ci/mmol, radi-

ochemical purity >96%) was purchased from Amersham/Searle (Ar-

lington Heights, IL); [‘Hjdexamethasone 21-mesylate (50 Ci/mmol)

and Biofluor scintillation cocktail were bought from New England
Nuclear-DuPont (Boston, MA). TCDD (99.9% purity by gas chroma-
tography-mass spectrometry) was obtained as a gift from Dr. James
McKinney (National Institute of Environmental Health Sciences, Re-
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search Triangle Park, NC). [‘251]-labeled receptor grade EGF, with a
specific activity of 100 to 200 �Ci/�sg, was prepared at Meloy Labora-

tories (Springfield, VA) by the chloramine-T method (14) and was

purified by Sephadex G-10 column chromatography. Immunological
reagents were obtained from Sigma Chemical Co. (St. Louis, MO) and

Fisher (Raleigh, NC). Nitrocellulose paper (0.45 .tm) and electropho-

resis reagents were purchased from Bio-Rad Laboratories (Richmond,

CA). The BuGR2 monoclonal antibody was kindly provided by Dr.

Robert W. Harrison (University of Arkansas Medical School).

Animals and treatments. Adult female Sprague-Dawley rats (60
days old; 200 to 250 g) were purchased from Charles River Laboratories

(Kingston, NY). In some experiments, animals were adrenalectomized

at Charles River Laboratories and were maintained for 10 to 13 days

on 0.9% NaCl. Sham-operated controls were included in all experiments

involving ADX animals. A single treatment ofTCDD was administered,
in corn oil, by oral gavage at doses of 0.1 to 25 jig/kg of body weight

for the intact and from 0.1 ng/kg to 5 �zg/kg for the 13-day ADX rats.

Liver and body weighte were used as markers of toxicity resulting from

TCDD treatment. Administration of TCDD (0.1 to 25 ag/kg) to sham-

operated intact rats significantly increased liver weights only at doses

of TCDD greater than 10 pg/kg and had no significant effect on body

weight, compared with the corn oil-treated animals. Although adrenal-

ectomy resulted in a significant reduction in body weights compared

with the controls, administration of TCDD (0.001 to 5 �zg/kg) to ADX

animals did not influence body or liver weights. As reported for other

strains ofADX rats, our CD-i ADX rats were found to be very sensitive

to the lethal effects of TCDD. TCDD doses higher than 5 zg/kg were

lethal (50-75% mortality) for our rats; therefore, we did not exceed

this dose in ADX rats.

Preparation of hepatic subeellular fractions. For the prepara-

tion of cytosol, the liver was minced with scissors and a 3-g portion

was homogenized (1:3, w/v) in an ice-cold TEDGM buffer that con-

tamed 10 mM Tris. HC1, 2.5 mM EDTA, 5 mM dithiothreitol, 10% (v/

v) glycerol, and 20 mM sodium molybdate (pH 7.4), using a motor-

driven, Potter-Elvejeheim homogenizer (10 strokes). The homogenate

was centrifuged at 10,000 x g for 20 mm, and the resulting supernatant

was then recentrifuged at 105,000 x g for 65 mm. The supernatant

(containing cytosol) was carefully recovered by aspiration and stored

in 2-ml aliquots at -70’ until analysis. Microsomes were prepared

separately following methodology similar to that for cytosol, described

above, except that 1.15% KC1/50 mM Tris. HC1 (pH 7.4) was used for

the homogenization step. Each homogenate was centrifuged at 10,000
x g for 20 mm, and the supernatant was then centrifuged at 105,000 x

g for 65 mm. The resulting pellet was then washed with 50 mM Tris.
HC1 (pH 7.4) before recentrifugation at 105,000 x g for 30 mm. The
supernatant was discarded, and the pellet was resuspended in a 10 mM

HEPES/250 mM sucrose buffer (pH 7.6) before storage at -70’. For

the nuclear binding experiments, liver cytosol and nuclei were prepared

by the methods described by others (15, 16). Hepatic plasma mem-

branes were prepared according to a modification of the method of

Neville (17). Protein was quantified by the method of Bradford (18).

Receptor assays. The cytosolic glucocorticoid binding assay was

carried out according to the methods of Rosner and Polimeni (19) and

Beato and Feigelson (20). Specifically bound [‘H]dexainethasone was

calculated as the difference between total and nonspecifically bound
fractions for each cytosolic preparation. Data were fitted by the method

of least squares, and the apparent equilibrium dissociation constant

(Kd, in nM) and apparent maximal binding capacity (Bm�x, in fmol of

[‘Hjdexamethasone/mg of cytosolic protein) were estimated by Scat-

chard analysis (21). These assay conditions were linear with respect to

protein from 1 to 5 mg/ml cytosol and were carried out under equilib-

rium conditions. To demonstrate that our assay conditions measured

specific glucocorticoid binding, cytosol was incubated with 1 nM [3H]

dexamethasone in the absence or presence of various molar ratios (10-

to 10,000-fold) ofdifferent unlabeled steroid competitors. These studies

indicated that [‘Hjdexamethasone specifically bound to the rat liver

GRc and had a characteristic equilibrium dissociation constant and
specificity.

Nuclear GRc uptake assay. This assay was performed using
established methods (15, 16). DNA measurements were done using the

fluorometric method of Downs and Wilfinger (22).

Sucrose and gradient ultracentrifugation. Fixed angle rotor

gradients of 5 to 20% sucrose (w/v; total of 6 ml) were prepared in

TEDGM buffer, according to protocols of Eastman-Reks et al. (23) and

Griffiths (24), using Beckman polyallomer bell top quick-seal ultracen-

trifuge tubes (16 x 45 mm). Fractions (0.2 ml) were collected and
assayed for radioactivity and protein content. The gradients were

reproducible and were linear with density, as evidenced by increasing

RF values from 1.35 to 1.37. Sedimentation coefficients (s2�,�) of the

hepatic [3H]dexamethasone GRe complexes were also determined ac-

cording to the method of Martin and Ames (25), using myoglobin (1.9

5), carbonic anhydrase (2.9 5), bovine serum albumin (4.6 5), aldolase

(7.4 S), fl-amylase (8.9 5), and catalase (11.2 5) as standards. These
conditions consistently yielded linear standard curves in the range of

1.9 to 1 1.2 5 and were reproducible between experiment days, with the
GRc peak appearing between the 12th and 20th fractions. Sucrose

gradient profiles of the GRe complexes shown in the figures are
representative of three or more replicate experiments.

Affinity labeling of the hepatic GRe. Affinity labeling was

carried out according to a modification of the protocol of Eisen et at.

(26). Low molecular weight components in the liver cytosol that inter-

fere with affinity labeling were removed by means of Sephadex G25M

gel permeation chromatography, using disposable PD-b columns
(Pharmacia Fine Chemicals, Uppsala, Sweden). Appropriate column
aliquots, containing approximately 300 �g of protein in a volume not

more than 100 �l, were removed and treated with 1 ml of 10% trichlo-

roacetic acid for 1 hr at 4’ . Protein precipitates were collected by
centrifugation at 10,000 x g for 10 mm and were washed with acetone.

The pellets were dissolved in SDS-polyacrylamide gel electrophoresis
sample buffer (2% SDS, 0.0125% bromophenol blue, 4% glycerol (v/v),

1.25% mercaptoethanol, 10 mM Tris, pH 6.8), boiled for 3 mm, and

separated by electrophoresis on 8% SDS-polyacrylamide gels. Gels were

stained using 0.01% Coomassie blue (R-250), prepared for fluorography
by incubation in Enhance solution (NEN), dried, and subjected to

autoradiography.
Immunoprecipitation and Western blot analysis of the rat

hepatic GRc. In order to enhance the detection of the liver GRe and
to reduce nonspecific background, the GRe was first immunoprecipi-

tated from crude cytosol and then analyzed by immunoblotting. The

BuGR2 monoclonal antibody prepared by Dr. Robert Harrison (27)

was produced against the rat GRe and has been shown to react with

an epitope in the DNA-binding domain of the receptor (28). Aliquots

of rat hepatic cytosol were mixed with an equal volume of TEG buffer

(10 mM TES, 4 mM EDTA, 10% (w/v) glycerol, 50 mM NaCl, pH 7.6

at 4’). BuGR2 or nonimmune mouse IgG were added at 3% of the final
volume and were incubated for 2 hr at 0-4’. Each sample was added to

a 40-�tl Protein A-Sepharose pellet (equilibrated in TEG buffer) and

mixed by rotation for 2 hr at 4’, followed by washing of the Protein A-

Sepharose pellets four times with 1 ml of TEG buffer. The pellets
containing the immunoprecipitated GRe were then prepared for im-

munoblotting by resuspension in 2x SDS sample buffer, boiling for 5

mm, and then resolving of the eluted proteins by electrophoresis on

7% SDS-polyacrylamide gels (29). Immunoblotting of the GRe was

carried out by transferring proteins to nitrocellulose paper, followed by

incubation for 3 hr with 3% BuGR2 monoclonal antibody and subse-

quent reaction with peroxidase-conjugated goat anti-mouse IgG, as
previously described (30, 31).

EGF radioreceptor assay. ‘251-EGF receptor equilibrium binding
constants were determined by following the modification ofthe protocol

of Carpenter and Cohen (32). Specific EGF binding was calculated as
the difference between total and nonspecific binding and was expressed

as fmol of ‘2�I-EGF/mg of protein.

BPH assay. This fluorimetric assay was carried out according to
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the method of Nebert and Gelboin (33). 3-Hydroxybenzo[a]pyrene was
obtained from the National Cancer Institute Respository and was used

as the standard. The BPH activities were expressed as pmol of 3-

hydroxybenzo[a]pyrene formed/mm/mg of microsomal protein.

Statistical analysis. Data were expressed as the mean ± standard

error; the numbers in parenthesis denote the number of animals ana-
lyzed. Differences between control and test groups were analyzed using

Student’s t test (35). Differences were considered significant at p <

0.05.

Results

The effect of TCDD administration on the dexamethasone

binding properties of the hepatic GRc was examined by both

sucrose gradient profiles and the determination of the apparent

[3H]dexamethasone binding constants at equilibrium binding

conditions. The sucrose gradient profiles (Fig. 1) of displaceable

[3H]dexamethasone-GRc binding complexes of hepatic cytosol

prepared from intact (Fig. 1A) and ADX (Fig. 1B) female rats

10 days after treatment with corn oil or TCDD show similar

sedimentation profiles, with a major peak at 8.2 ± 0.4 5 and a

minor peak at 4.9 ± 0.2 5 (n = 5). TCDD treatment of intact

(25 zg/kg) or ADX (2.5 �tg/kg) rats resulted in significantly

lower binding (>50%), compared with the corn oil-treated

controls, but did not dramatically alter the sedimentation coef-

ficients (7.9 ± 0.3 5 and 5.0 ± 0.2 5).

Analysis of the apparent equilibrium binding constants (Kd

and Bmax) of the hepatic GRe demonstrated that TCDD treat-

ment reduced [:tH]dexamethasone binding by approximately

50% of that obtained for controls; however, there was no

apparent change in the glucocorticoid receptor equilibrium

dissociation constant, Kd (Fig. 2). Fig. 2 represents a typical

Scatchard-type plot, a specific and nonspecific dexamethasone
binding plot (Fig. 2, inset A), and a Hill plot (36) (Fig. 2, inset

B) of the hepatic GRe obtained for a corn oil- and a TCDD-

treated intact rat. Replicate experiments demonstrated that

TCDD treatment consistently decreased the maximal binding

capacity (B�,8, = 137 ± 5 fmol/mg) of the hepatic GRe but did

not have a dramatic effect on the apparent equilibrium disso-

ciation constant (Kd = 0.52 ± 0.05 nM), when compared with

the corn oil-treated controls (Bma. 307 ± 19 fmol/mg; Kd

0.67 ± 0.04) (n = 23). Further analysis using the Hill plot (Fig.

2, inset B) (36) revealed that, for both control and TCDD-

treated animals, the Hill coefficient (nH) was approximately

equal to unity (control, 1.00 ± 0.04; TCDD, 0.99 ± 0.03), which

suggested that [‘H]dexamethasone was associating with a non-

interacting single class of binding sites present in the hepatic

cytosol. Similar to intact animals, analysis of the [‘H]dexa-

methasone binding to the hepatic GRc of ADX animals also

revealed that TCDD treatment decreased the Bm,,. Of the recep-

tor but had little effect on the Kd (data not shown).

Affinity labeling of crude rat liver cytosolic receptors in vitro

using [tH]dexamethasone 21-mesylate was used to further eval-

uate the effect of TCDD on the hepatic GRe. Autoradiography

(Fig. 3) revealed three major proteins that were covalently

labeled (Mr 94,000, 66,000, and 50,000) in liver cytosolic

samples incubated with [‘H]dexamethasone 21-mesylate alone.

However, only the labeling of the Mr 94,000 protein was specif-

ically displaced by incubation in the presence of excess unla-

beled dexamethasone. The specific covalent labeling of the M.

94,000 protein, which is the reported molecular weight of the

GRc, provided evidence that this protein was the rat liver GRc

(26, 31). The autoradiogram clearly demonstrated that TCDD

treatment decreased the amount of GRc that was affinity

labeled in ADX rats. Similar results were also obtained using

cytosol of sham-operated control and TCDD-treated rats (data

not shown).

The effects of TCDD on the hepatic GRc were also deter-

mined at various time periods after a single administration of

TCDD (Fig. 4). TCDD (25 �tg/kg) treatment of intact rats

significantly decreased the maximum GRc binding capacity of

hepatic GRe, by approximately 40% as early as 24 hr, and it

remained maximally decreased as long as 22 days (Bmax 157

± 20 fmol/mg), compared with the control (Bma. 289 ± 41

fmol/mg for the same experimental day).

Further studies also revealed that reduction in hepatic GRc

binding was not due to the decrease in feeding elicited by

TCDD administration. Although TCDD treatment (25 zg/kg;

10 days) reduced food intake by 16%, the GRc equilibrium

binding constants were not altered in the pair-fed when com-

pared with ad libitum fed rats (Kd in nM, B,,,5. in fmol/mg of

protein); fed ad libitum (0.85, 269); pair-fed (0.72, 303); and

TCDD-treated (0.54, 174). The lack of depression in hepatic

GRc levels in pair-fed, compared with the ad libitum fed ani-

Fig. 1. Sucrose gradient profile of the hepatic glucocorti-
coid receptor binding of [3H]dexamethasone following a
single administration of corn oil or TCDD to intact (25 �g/
kg) (A) and ADX (2.5 pg/kg) (B) adult female rats. A lower
TCDD dose was used to treat the ADX rats because of
the increased sensitivity of the ADX animals to the lethal
effects of TCDD. Cytosols prepared from corn oil-treated
controls (0) or TCDD-treated (tx) animals were incubated
with [3Hjdexamethasone in the presence (#{149})(nonspecific
binding) or absence (0, L�) (total binding) of unlabeled
competitor, as described in Materials and Methods. Non-
specific binding (#{149})was similar for both the corn oil- and
the TCDD-treated animals; therefore, only the data from
corn oil-treated rats are shown.
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Fig. 2. Representative Scatchard plot of the hepatic GRc in adult intact
female rats 10 days after treatment with a single dose (25 pg/kg) of
TCDD (#{149})or the corn oil vehicle (0). Inset A, the specific (#{149},0) and
nonspecific (x) [3H]dexamethasone binding data used for the Scatchard
plot. Nonspecific binding for both control and TCDD-treated animals was
linear with respect to the concentration of free hormone and represented
5 to 10% of total binding (inset A). In this figure, for the sake of simplicity,
only the nonspecific binding values for the controls are shown, but similar
values were obtained for the TCDD-treated rats. In all cases, specific
binding was calculated from the individual total and nonspecific binding
values for the respective TCDD-treated or control animals. TCDD treat-
ment dramatically reduced the ma ‘mal binding capacity (B�,) of the
hepatic GRc but did not significantly affect the apparent equilibrium
dissociation constant (Kd). Inset B, the Hill plot for the hepatic GRc of
the control (0) and the TCDD-treated (#{149})animals. A Hill coefficient (nH)

of unity suggests noninteracting sites of hepatic GRc.

mals, suggested that the alteration in the binding kinetics of

the GRc elicited by TCDD was not due to the hypoorexic effect

of this chemical.

A dose-response study using TCDD doses ranging from 0.1

to 25 �zg/kg demonstrated that TCDD caused a dose-dependent

decrease in hepatic cytosolic [‘H]dexamethasone binding ca-

pacity between 1 and 10 ag/kg, with no significant effect on

the equilibrium dissociation constant of the GRc (control, 0.51

± 0.01; TCDD, 0.52 ± 0.02 nM) in sham-operated intact rats

(Fig. 5A). The TCDD dose range that reduced the maximum

number of hepatic GRc binding sites by 50% (ED50) in the

intact rats was between 3 and 5 �tg/kg. Next, ADX animals

were used to test whether the response to TCDD administration

was modified by the adrenal status of the animals and to ensure

that TCDD effects on the hepatic GRc were not due to changes

in circulating glucocorticoids. For these studies, ADX female

rats received a single administration of varying doses (0.1 ng

to 5 �tg per kg) of TCDD by gavage and were analyzed 10 days

later. As stated in Materials and Methods, adrenalectomy in-

creased the sensitivity of CD-i rats to TCDD such that doses

Fig. 3. Affinity labeling of the ADX rat hepatic GRc. This figure represents
an autoradiogram of a gel demonstrating the covalent labeling of the
cytosolic proteins in the presence (+) and absence (-) of excess unla-
beled dexamethasone. Note that the affinity labeling of a protein with a
molecular weight of 94,000 could be abolished by addition of unlabeled
dexamethasone, indicating that the [3Hjdexamethasone binding is spe-
cific.

greater than 5 zg/kg resulted in 50 to 75% mortality. Therefore,

due to this increased sensitivity of ADX rats to TCDD, the

doses used to generate the dose-response curves for the ADX

animals were lower than those used for the intact rats. Adre-

nalectomy alone greatly increased the hepatic cytosolic [3H]

dexamethasone binding capacity (682 ± 80 fmol/mg, n = 8)

compared with the adrenal-intact controls, which was probably

due to decreased levels of circulating glucocorticoid (Fig. 5A).

The dose-response study of TCDD effects on the GRc of ADX

animals indicated that ADX rats were much more sensitive

than intact animals. A significant decrease in the GRc binding

capacity of ADX rats, to 80% of corn oil-treated control values,

occurred at TCDD doses as low as 0.0001 �tg/kg. Although a

second decrease in the hepatic GRe binding capacity of ADX

rats to approximately 60% ofcontrol values was found at higher

TCDD doses, the exact significance of this effect cannot be

evaluated due to the toxic effects of TCDD. Although the dose-

response curves for the ADX and intact animals are not parallel

and a direct comparison of sensitivity cannot be made, our data

do indicate that the GRc response in the ADX animals occurs

at TCDD doses that are 10,000 times lower than those needed

for a response in intact animals.

A monoclonal antibody specific for the rat hepatic GRc (27,

28) was used as a probe to compare the amount of GRc present

in the sham-operated and ADX animals, treated with either

vehicle or TCDD (sham-operated, 25 �zg/kg; ADX, 5 �zg/kg).

These TCDD doses were chosen because they cause approxi-

mately a 50% decrease of [‘H}dexamethasone binding to the

GRc, when compared with controls. As shown in Fig. 6A,

immunoprecipitation of the GRc from crude cytosol, followed

by Western blot analysis of GRc from vehicle-treated and

TCDD-treated, sham-operated rats, revealed similar amounts

of immunoreactive M. 94,000 receptor. However, the same

analysis of cytosol from corn oil- and TCDD-treated ADX rats

did suggest that the mass of immunoreactive GRc protein in
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:.� Fig. 4. Time course of the changes in the Bmax values
� of the hepatic GRc following a single administration
� of TCDD by gavage to intact female rats. The maxi-
j� mum binding capacities (B,,,�,) of the hepatic GRc from
� the TCDD-treated(25 ,�g/kg) rats (C)were determined
� using Scatchard analysis and were expressed as the
z percentage of B�, of controls (0) at each time point.
8 The control B�, values were 320 ± 27, 41 1 ± 54,
�2 369 ± 25, 391 ± 60, and 289 ± 41 fmol of [3H1
: dexamethasone displaced/mg of cytosolic protein at
� 6 hr and 1 , 4, 10, and 22 days after TCDD adminis-

a3 tration, respectively. Each data point is the mean ±

standard error; (n), number of animals analyzed. *Sig..
nificant difference (p < 0.05) compared with corn oil

controls.
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Fig. 6. Western blot analysis of hepatic GRc from vehicle or TCDD-
treated, sham-operated and ADX rats. Pooled rat hepatic cytosol from
corn oil- (lanes 1-4) or TCDD-treated (lanes 5-7) sham-operated (A) or
ADX (B) rats was immunoprecipitated with immune mouse lgG (lane 1)
or with BuGR2 anti-GRc monoclonal antibody (lanes 2-7) and was
absorbed to Protein A-Sepharose, as described in Materials and Meth-
ods. Aliquots of immunoabsorbed cytosol applied to each lane of a 7%
SDS-polyacrylamide gel are as follows: lanes 1, 2, and 5 (400 al); lanes
3 and 6 (300 �sl); and lanes 4 and 7 (1 00 SI). Western blot analysis was
performed as described in Materials and Methods.

TABLE 1
Comparison of the amount of GRc protein in cytosol from vehicle-
or TCDD-treated, sham-operated and ADX rats by densitometric
scanning of Western blots
The blot presented in Fig. 6 was scanned with a soft laser densitometer (Bio-Med
Instruments) and peaks were excised and weighed. Values obtained from vehicle-
treated samples were given an arbitrary value of 100 densitometric units. Values
obtained from TCDD-treated samples were expressed relative to the vehicle-treated
value. The ADX values are not comparable to the corresponding sham-operated
values, because sham-operated and ADX samples (with and without TCDD) were
analyzed on separate gels.

GRc protein
Treatment

400’ 300 100

arbitrary densitometric units

Sham/corn oil 1 00 52.0 15.8
Sham/TCDD 1 15.8 56.2 14.4
ADX/corn oil 1 00 45.3 11.0
ADX/TCDD 71 .1 40.8 9.4

ka Microliters of cytosol.

cytosol from TCDD-treated rats was slightly lower (10-30%)

than that detected in vehicle-treated rats (Fig. 6B). Data ob-

tamed from soft laser scanning densitometry of the blots in

Fig. 6, A and B, are summarized in Table 1. In these studies,

the concentration of the antibody used to detect the rat GRe

would deplete greater than 95% of the receptor labeled with

[3H]triamcinolone acetonide (see Materials and Methods).

However, it is possible that immunoreactive saturation may

still occur at some of the protein concentrations used in our

assay, which would interfere with accurate quantitation of the

GRe. Therefore, our Western blot data must be considered with

caution until further studies can be done to ensure quantitative

detection of GRe for each experimental group. Assuming that

immunoreactive saturation did not occur, our data suggest that

decreases in the maximum number of cytosolic [‘Hjdexameth-

asone binding sites (50% reduction versus controls) are not

accompanied by comparable or consistent decreases in the

amount of immunoreactive GRe protein.

In order to determine whether TCDD influenced other func-

tions of the GRe in addition to steroid binding, TCDD effects

on nuclear uptake were investigated. The nuclear uptake of the

receptor complex was studied using various combinations of

nuclei and [‘H]dexamethasone-treated cytosols prepared from

livers of both corn oil- and TCDD-treated intact rats (Table

2). Nuclear uptake of transformed GRe complexes resulting

from combining liver nuclei (TCDD�) and cytosol (TCDD�) of

TCDD-treated rats was 40-50% lower than that found for

control nuclei (control�) and cytosol (control,�). The reduced

nuclear uptake obtained as a result of TCDD treatment was

expected because of our observations that demonstrated that

TCDD treatment decreased the maximum hepatic [3H]dexa-

methasone binding capacity by 40 to 50%. However, our data

indicated that the hepatic GRe that remained in TCDD-treated

livers were capable of nuclear uptake. In addition, the data

suggested that the nuclear uptake capacity for the steroid-GRc

complex is increased by TCDD treatment, in that nuclei from

TCDD-treated rat livers consistently bound more steroid-GRe

than nuclei from livers of control animals. For example, when

[3H]dexamethasonetreated liver cytosol from control rats

(control�) was incubated with nuclei obtained from TCDD-

treated animals (TCDD�) 6 days after a single TCDD admin-

istration, the amount of control steroid-GRe complex bound to

TCDD nuclei was approximately 60% greater than that ob-

served when the same cytosol was incubated with control nuclei

(control�; Table 2). Also, nuclear uptake capacity of steroid-

GRe complexes of cytosol from TCDD-treated livers (TCDD�)

was 40% greater when nuclei from TCDD-treated rats (TCDD�)

were used, compared with control nuclei. These data indicate

that nuclear uptake of steroid-GRe complexes appeared not to

be impaired by TCDD treatment; however, TCDD treatment

modified liver nuclei, which resulted in an increased capacity

for nuclear uptake of steroid-GRe complexes.

Past studies have demonstrated that TCDD treatment pro-

duces multiple alterations in liver biochemistry. To better

understand the relationship of the GRe modification to other

TCDD-mediated enzyme and receptor changes, we have corn-

pared the GRe steroid binding changes with two established

biochemical markers of TCDD exposure, the induction of he-

patic microsomal BPH (Fig. SB) and the decrease in plasma

membrane EGF receptor binding (Table 3). Analysis of BPH

induction in the sham-operated animals (Fig. SB) revealed that

the TCDD dose that induced BPH activity by 50% (ED50) was

approximately 1 �zg/kg, or within the ED50 range of the TCDD-

mediated decrease in GRe Bmax concentrations (Fig. SA) in

these animals. TCDD treatment also induced BPH activities

TABLE 2
Effect of TCDD on the nuclear uptake binding of transformed
steroid-GRc complex
Intact female rats were treated with 25 pg/kg TCDD or cam oil vehicle by gavage
and were sacrificed at 1 day or 6 days after treatment. For each experiment,
cytosol and nuclei were prepared from livers pooled from four rats/treatment group.
The data above represent the mean of duplicate assays.

Specific nuclear bit�ding
Nuclei + cytos�

iday 6day

dpm/�tg of DNA
TCDD� + TCDDC 16.8 16.2
Control0 + controI� 27.5 33.0
TCDD� + control� 35.2 82.7
Control,, + TCDDC 1 3.5 9.7
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TABLE 3
Measurements of hepatic EGF receptor
Animals received a single administration of various doses of TCDD or corn oil
vehicle, 10 days before the experiment. Plasma membranes were isolated from
pooled livers of four animals/treatment group. Data are expressed as the mean of
duplicate determinations.

2117

1821
1507
1282

941
767

2031

1979
2571
2062
2165
1785
1049
1148

100

86
71
61
44

36

100

97
127
102
107

88
52
57
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Sham-operated
Corn oil vehicle
TCDD (ag/kg)

1.0
2.5
5.0

10.0
25.0

10-1 3 days after ADX
Corn oil vehicle
TCDD (pg/kg)

0.001
0.01
0.10
0.50
1.0
2.5
5.0

EGF receptor brnding �vels

frnol/mg % of control

in the ADX animals; however, ADX animals exhibited in-

creased sensitivity (ED,50 = 0.1 �zg/kg). Consistent with the

previous observations (5, 6) that TCDD administration de-

creases hepatic plasma membrane ‘251-EGF receptor binding,

we demonstrated that both intact and ADX animals display

similar, although not completely identical, dose-dependent

modifications of the EGF receptor (ED� of approximately 2.5-

5.0 big/kg) (Table 3). In summary, although the dose-response

curves for the GRe binding were not parallel, these experiments

indicate that adrenalectomy increases the TCDD response of

ADX rats for liver BPH induction by 10-fold and for the

decrease in [3H]dexamethasone binding by at least 10,000-fold,

when compared with those of the intact controls. In contrast,

the TCDD-mediated decrease in ‘251-EGF receptor binding was

not significantly different between ADX and intact animals

(Table 3). These data suggest that the adrenal status modifies

specific hepatic biochemical responses to TCDD.

Discussion

The effects of TCDD on rat liver GRe were investigated and

compared with other TCDD-induced hepatic biochemical re-

sponses in sham-operated and ADX adult female Sprague-

Dawley rats. In our study, equilibrium binding analysis, sucrose

gradient sedimentation, and affinity labeling experiments

clearly demonstrated that TCDD significantly reduced [3H]

dexamethasone binding to the hepatic GRe, due to a decrease

in the number of binding sites (Bmax) of the receptor, with little

effect on the apparent equilibrium dissociation constant (Kd).
Although the Western blot data must be considered with cau-

tion because of possible immunoreactive saturation (see Re-

sults), the decrease in the maximum number of GRe binding

sites did not appear to be accompanied by a consistent or

equivalent reduction in the level of immunodetectable GRe

protein in ADX or intact animals. These data suggest that

TCDD �dministration results in a modification of the ability

of hepatic GRe to bind glucocorticoids without altering the

actual levels of the receptor protein in the liver. In addition,

the Western blot analysis demonstrated that the levels of

immunodeteetable hepatic GRe found in ADX animals were

only slightly higher than the levels found in the sham-operated

control rats, even though the GRe binding capacities were twice

those measured in the sham-operated controls. These data may

be explained by the occupation of hepatic GRe by endogenous

steroids present in the sham-operated controls (see Results).

Unfortunately, it is impossible to evaluate occupancy of the

GRe because there is not an adequate exchange assay available.

Although hepatic steroid binding to the GRe was reduced,

TCDD treatment did not appear to interfere with the nuclear

uptake ofthe steroid-GRe complex. However, TCDD treatment

did result in an increased capacity for nuclear uptake of the

steroid-GRe complex. It is of interest that a number of hepa-

tocarcinogens, in contrast to TCDD, reduce the nuclear uptake

capacity for the hepatic steroid-GRe complex (15). Although

the significance of modulating the nuclear uptake of the glu-

cocorticoids is not known, these changes may alter the response

of the liver to glucocorticoids. It has been proposed that the

reduction of glucocorticoid binding to liver nuclei, after carcin-

ogen treatment, is responsible for the inhibition of hydrocorti-

sone induction of liver tyrosine aminotransferase and trypto-

phan pyrolase (15). Although we have not investigated tyrosine

aminotransferase induction in our strain of female rats, one

study has shown that TCDD (SO pig/kg) administration did not

significantly alter dexamethasone-stimulated tyrosine amino-

transferase activities in the adult male rat (10). Another recent

study has demonstrated that the effect of TCDD on the GRe

is not limited to the liver (37). Max and Silbergeld (37) have

shown that toxic doses of TCDD decreased the GRe binding

capacities in rat skeletal muscle, in association with the TCDD-

mediated wasting syndrome. The physiological significance of

TCDD effects on tissue GRe binding and nuclear uptake is not

yet clear.

Although the mechanism by which TCDD influences GRe

binding is not yet known, there are several factors that have

been shown to influence the function of the GRe without

modifying actual levels of receptor protein. The GRe undergoes

two types of covalent modification, phosphorylation of serine

residues and reduction of sulfur groups, that affect both the

steroid- and DNA-binding activities (38, 39). Grippo et at. (39)

have demonstrated that reduced sulfhydryl groups are required

for the GRe to bind steroids and for the transformed receptor

complex to bind DNA. Housley and Pratt (38) have demon-

strated that phosphorylation of the GRe by cAMP-dependent

protein kinase increased steroid binding. It is of interest that

significant increases in the activities of cAMP-dependent pro-

tein kinase and protein kinase C have been demonstrated in

isolated rat hepatic plasma membranes 10 to 20 days after

TCDD treatment (40). These kinases are involved in the reg-

ulation of peptide and steroid receptor function and, therefore,

may represent one mechanism by which TCDD modulates both

the EGF and glueoeorticoid receptor pathways. Modification of

the cellular sulfhydryl-reducing apparatus and/or protein ki-

nase activities by TCDD would profoundly influence the func-

tioning of not only the GRe, but also other steroid receptor

pathways, without modifying receptor protein levels. Evidence

that TCDD may have a general effect and modify other steroid

hormone receptor systems was provided by a recent study (41),

which demonstrated that TCDD treatment significantly de-

creased hepatic and uterine estrogen receptor binding in female
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Long-Evans rats. In addition, a number of inducers of hepatic

mixed function oxidases have been shown to decrease cytosolic

estrogen binding in ovariectomized rats (42). The effect of these

compounds on steroid receptors may alter normal physiological

functioning of the liver. An alteration in hormone response

may in turn be important to the tissue-specific actions of these

carcinogens and toxins.

Our TCDD dose-response studies compared the GRe steroid

binding changes with two other biochemical markers of TCDD

exposure, BPH induction and the reduction in hepatic EGF

receptor binding. Consistent with previous reports, TCDD ad-

ministration significantly increased hepatic microsomal BPH

activities and decreased hepatic plasma membrane EGF recep-

tor levels in the intact rat, in a dose-dependent manner (5-8).

In the intact animal, GRe binding response to TCDD occurred

within the same dose range (3-5 �tg/kg) as that for BPH

induction and the decrease in EGF receptor concentration. In

ADX rats, even though the dose-response curves were not

parallel, our data do demonstrate that rats were much more

sensitive to TCDD, in that a significant decrease in hepatic

GRe binding occurred at doses that were 10,000 times lower

than those required for a response in intact animals. In addi-

tion, increased sensitivity of microsomal BPH induction (10-

fold) and no detectable alteration in sensitivity of EGF receptor

binding to TCDD were observed in the ADX, compared with

intact animals. Our data support the hypothesis that the action

of TCDD is dramatically modified by the adrenal status of the

animal; however, the mechanism remains unclear. The effect

is not likely to be related to changes in TCDD metabolism and!

or distribution, inasmuch as TCDD is very slowly metabolized

and our preliminary results (not shown) indicate that adrenal-

ectomy has no effect on TCDD concentrations in liver.

The Ah locus has been shown to be necessary to elicit many

of the TCDD-induced biochemical changes, but whether the

Ah locus is also involved in the effects of TCDD on the GRe is

not yet clear. TCDD promotion of skin cancer in the hairless

mouse indicates that at least two genetic loci are required, the

Ah and the hr loci (8). Studies to determine more precisely the

role of the Ah receptor system in mediating the GRe response

are in progress, using congenic mice with and without a muta-

tion of the Ah receptor locus. Taken together, our results have

characterized the effects of TCDD on the GRe and have re-

vealed that adrenalectomy sensitizes rats to the TCDD-me-

diated decreases in binding of the GRe to dexamethasone.
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