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Abstract

The aryl hydrocarbon receptor (AHR) mediates toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and regulates expression of
several genes such asCYP1A1. Little is known about what regulates expression of the AHR itself. We tested the ability of TCDD to alter
in vivo expression of its own receptor in rat strains that are susceptible to TCDD lethality [Long-Evans (Turku AB) (L-E) and Sprague
Dawley (SD)] and in a rat strain that is remarkably resistant to TCDD lethality [Han/Wistar (Kuopio) (H/W)]. Rats were administered a
single, intragastric dose of 5 or 50�g/kg of TCDD. Hepatic cytosol, nuclear extract, and RNA were prepared at 1, 4, and 10 days after
TCDD exposure. AHR expression was assessed at three levels: ligand binding function, immunoreactive protein and mRNA. TCDD at 5
�g/kg produced a 2- to 3-fold increase in cytosolic AHR in all strains; 50�g/kg produced depletion at day 1 followed by recovery in SD
and H/W but not L-E rats. Both the increase in AHR above basal levels and the recovery from initial depletion were accompanied by
elevations in steady-state AHR mRNA, suggesting a pre-translational mechanism for AHR regulation by its own ligand. This up-regulation
in vivo is in contrast to the sustained depletion of AHR caused by TCDD in cell culture. There was no clear relationship between AHR
regulation and strain sensitivity; thus, the large inherent strain differences in susceptibility to TCDD lethality probably are not explained by
differential regulation of AHR by TCDD. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The AHR is an intracellular protein that binds specific
aromatic hydrocarbons including environmentally important
halogenated aromatic hydrocarbons, non-halogenated polycy-

clic aromatic hydrocarbons, and aromatic amines [1]. Ligand
binding liberates the AHR from its chaperone proteins, en-
abling it to translocate into the nucleus where it exists het-
erodimerized with its partner protein ARNT. The ligand� AHR
� ARNT complex enhances transcription of a battery of genes
including CYP1A1, 1A2, and 1B1, and glutathione-S-trans-
ferase Ya subunit [2,3]. The mechanism of altered gene ex-
pression via DREs has been investigated in great detail for
genes such asCYP1A1 [1,2], but little is known about what
regulates expression of the AHR itself, particularlyin vivo.

TCDD is a potent, high-affinity ligand for the AHR. At
exceptionally low doses, TCDD produces an extensive list
of adverse effects including immune suppression, liver tox-
icity, endocrine disruption, teratogenesis, carcinogenesis,
and severe anorexia-like wasting [4]. The pivotal role of the
AHR in mediating TCDD toxicity is supported by several
lines of evidence ranging from classical receptor theory
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[5,6] and Mendelian genetics [7] to contemporary gene
knockouts [8,9]. Notwithstanding extensive toxicological
data, the cause of TCDD-induced death in animals remains
unclear as do the target tissue(s) and organ(s) that are
integral to acute lethality.

There exists a broad range of susceptibility to the bio-
chemical and toxic effects of TCDD across species, indi-
viduals, and tissues [10]. Within the same species, the “non-
responsive” DBA/2 mouse can endure a 10-fold greater
dose of TCDD than its C57BL/6 “ responsive” counterpart
[6]. This is true for lethal effects as well as biochemical/
histological changes and is explained primarily by a lower
ligand binding affinity [11] due to a mutation in the ligand
binding domain of the DBA/2 receptor [12].

A dramatically greater strain difference in TCDD lethal-
ity exists in rats. The Han/Wistar (Kuopio) rat can withstand
a 1000-fold greater dose of TCDD than the Long-Evans
(Turku AB) rat [13]. In contrast to the mouse model, AHRs
in L-E and H/W rats have similar binding affinities for
TCDD, and many of their biochemical and toxicological
responses (including CYP1A1 induction) appear nearly iden-
tical [4,14]. However, L-E and H/W rats express AHR proteins
of different sizes [14]. Recent molecular cloning of the recep-
tor from these strains revealed a deletion/insertion-type muta-
tion at the intron 10/exon 10 junction generating splice variants
in the resistant H/W rat. This results in deletion of a segment
of 38 or 43 amino acids within the trans-activation domain of
the receptor [15]. The impact of this deletion on signaling in
pathways leading to TCDD lethality remains unknown, but
genetic studies have established a major role for this variant
in resistance to acute TCDD lethality [7].

Alterations in cellular abundance of AHR potentially
could modify the ultimate response to TCDD. Conse-
quently, differences in regulation of expression of the AHR
may contribute to differential TCDD susceptibility. Several
agents affect the level of AHR in cells and tissues [10].
Phenobarbital in mice and rats [16], Aroclor 1254 (a PCB
mixture) [17] and trans-aminostilbene [18] in rats were all
shown to elevate AHR levels. Landers et al. [19,20] and
Benedetti et al. [21] reported that the AHR-like protein
induced by 2,2�,4,4�,5,5�-hexachlorobiphenyl, phenobarbi-
tal, or TCDD was kinetically distinct from (but structurally
similar to) the AHR. Sloop and Lucier [22] and Bunce et al.
[23] reported elevations in rodent cytosolic AHR following
TCDD treatment in vivo, as quantitated by radioligand bind-
ing. Conversely, by immunoblotting Pollenz et al. [24]
observed depletion of whole-cell AHR in multiple tissues
after in vivo treatment with TCDD. In mouse hepatoma cells
grown in culture, TCDD treatment leads to down-regulation
of the AHR [25–28]. In cultured cells, AHR levels also
decline following exposure to staurosporine [29]. Agents
such as transforming growth factor-�1 have been shown to
regulate AHR expression levels in a cell-specific manner
[30].

The goals of our current study were 2-fold: (i) to deter-
mine the effects of TCDD on AHR levels in vivo using

multiple and independent approaches to measure AHR ex-
pression following TCDD exposure; and (ii) to investigate a
potential mechanism for differential TCDD susceptibility in
the rat model, namely, a possible differential pattern or
degree of regulation of expression of the AHR by TCDD in
the TCDD-sensitive L-E and Sprague Dawley (SD) versus
resistant H/W rats.

2. Materials and methods

2.1. Reagents and solutions

The TCDD used to treat animals was purchased from the
UFA-Oil Institute and was � 99% pure as determined by
gas chromatography–mass spectrometry [31]. TCDD was
dissolved in ether and added to corn oil; the ether was
subsequently evaporated off. [3H]TCDD for binding assays
(40 Ci/mmol, chemical purity � 97%) was purchased from
Chemsyn Science Laboratories. 2,3,7,8-Tetrachlorodiben-
zofuran was a gift from Dr. Stephen Safe (Texas A&M
University). HEGD � 25 mM HEPES, 1.5 mM EDTA,
10% (v/v) glycerol, 1 mM dithiothreitol (pH 7.4); TNT �
20 mM Tris base, 137 mM NaCl, 0.5% Tween (pH 8.0); 1�
Qiagen Taq DNA polymerase reaction buffer contained Tris
� Cl, KCl, (NH4)SO4, 1.5 mM MgCl2; 5% (w/v) “blocking
reagent” (Vistra ECF Western Blotting Kit, Amersham) for
immunoblotting was prepared in TNT.

2.2. Antibodies

Anti-AHR polyclonal antibody (from rabbit) was ob-
tained from Biomol Research Laboratories, Inc. (Catalog
No. SA-210); this antibody was raised against amino acids
1–402 of the mouse Ahb-1 allele [32]. Anti-ARNT antibody
for pilot ARNT immunoblotting was provided by Dr. O.
Hankinson. This antibody was raised against amino acids
399–777 of the human ARNT sequence.

2.3. Animals

Female SD rats, inbred L-E rats, and outbred H/W rats
(all 10- to 12-weeks-old) were obtained from the breeding
colony of the National Public Health Institute, Division of
Environmental Health. Animals were kept in stainless steel
wire-mesh cages, 5 rats per cage, and allowed unlimited
access to standard pelleted animal feed (R36, Ewos) and tap
water. Lights were on between 7:00 a.m. and 7:00 p.m.
Ambient room temperature and humidity were maintained
at 21.5 � 1° and 55 � 10%, respectively.

2.4. Animal treatment and tissue harvest

Rats were given a single dose of 5 or 50 �g/kg of TCDD
or corn oil vehicle alone by gavage. Animals were weighed,
and then euthanized by decapitation at 1, 4, or 10 days
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post-TCDD administration (N � 5/treatment group). Ap-
proximately 1 g of tissue from two lobes of liver was
removed, weighed, and immediately submerged in liquid
nitrogen for RNA isolation. The remaining liver was
weighed and homogenized with a Potter–Elvehjem glass–
Teflon homogenizer in 4 vol. of ice-cold HEGD buffer
(20% homogenate) for preparation of subcellular fractions.

2.5. Subcellular fractions

Subcellular fractions were prepared by differential cen-
trifugation as described by Mason and Okey [33] with the
following modifications: nuclear proteins were extracted
with 0.5 M NaCl-HEGD (pH 8.5); subcellular fractions
were stored in liquid nitrogen; total protein was measured in
triplicate by the Bradford protein assay [34] using bovine
serum albumin as the protein standard. Whole tissue lysates
were prepared as described by Pollenz et al. [24]. Lysates
were prepared from a single animal from both control and
treated (day 10; 5 and 50 �g/kg) groups of each strain.

2.6. Radioligand binding

Radioligand binding and protein separation on sucrose
density gradients were performed as previously described
[14]. The 10 nM [3H]TCDD incubating radioligand concen-
tration was selected based on saturation analyses performed
on control and treated (day 10; 5 �g/kg) SD rats.

2.7. Immunoblotting

Proteins from cytosol or nuclear extract were separated
by Tris-glycine sodium dodecyl sulfate polyacrylamide
(6%) gel electrophoresis (SDS–PAGE). Protein loading per
lane was identical for each sample within a strain and was:
75 �g for SD and L-E cytosol, 150 �g for H/W cytosol, and
100 �g for all nuclear extracts. Gels were electroblotted
onto a polyvinylidine difluoride membrane (Immobilon-P,
Millipore Corp.) (100 V; 1 hr). Protein transfer was assessed
by Ponceau S staining. “Blocked” membranes were incu-
bated sequentially with primary and secondary antibodies
and with the AP conjugate with gentle agitation at ambient
temperature. Antibodies were diluted in blocking reagent as
follows: Cytosols: AHR antibody � 0.003 �g/mL; fluores-
cein-linked anti-rabbit antibody � 1:10,000. Nuclear ex-
tracts: AHR antibody � 0.02 �g/mL; fluorescein-linked
anti-rabbit antibody � 1:2500. The antifluorescein–alkaline
phosphatase conjugate was diluted in TNT � 1:2500. Three
changes of TNT buffer for a total of 30 min were used to
wash membranes between incubations. The AP-catalyzed
fluorescence was initiated by the addition of approximately
50 �L/cm2 of AttoPhos fluorescent substrate (Amersham)
(10 min). Fluorescent emissions were captured using a
Storm Phosphorimager (Molecular Dynamics). Signal
strength (with subtraction of background at the band perim-
eter) was calculated with IPLab Gel H band quantitation

software. To ensure the quantitative nature of the immuno-
blotting assay, experimental parameters were optimized
such that extremes in AHR levels were within the linear
range of the assay. Antibody concentrations and incubation
times, the total amount of sample protein loaded, and fluo-
rescence detection parameters were optimized accordingly.
All samples of each strain (N � 40/strain) were immuno-
blotted simultaneously. To minimize positional effects on
the gel, samples were assigned randomly to lanes. To allow
comparison between gels, signal strength was normalized to
the mean of signal intensities of duplicate normalization
standards (prepared by pooling day 1 control cytosols or
nuclear extracts of the corresponding rat strain) loaded onto
each gel. AHR immunoreactive protein was not normalized
to an internal standard (such as �-actin) since total protein
has been shown previously to be an adequate denominator
for similar AHR measurements [24,27,35,36]. Assays were
performed in duplicate with satisfactory agreement between
duplicate data, and results are expressed as the mean of the
duplicates. The AH receptor band was positively identified
by (i) comparison of known molecular weight with cytosols
from Hepa-1 mouse cells and LS180 human cells [25,37],
(ii) molecular weight difference (106 vs 98 kDa) in SD and
L-E vs H/W AHRs [14], and (iii) covalent linkage of the
cytosolic AHR (photoaffinity labelling) with [3H]TCDD
[38].

For measurement of ARNT protein levels in cytosol,
antibodies were diluted in blocking reagent as follows:
ARNT-specific polyclonal antibody � 0.05 �g/mL; fluo-
rescein-linked anti-rabbit antibody � 1:5000; and AP �
1:2500 (diluted in TNT).

2.8. RNA isolation

Total RNA was isolated from frozen tissue using
TRIzol® Reagent (7%, w/v) (on ice; 60 sec) (Gibco BRL/
Life Technologies) according to the instructions of the man-
ufacturer. Contaminating DNA was enzymatically degraded
with 15 U DNaseI (37°, 20 min � 55°, 10 min) (FPLCpure,
Pharmacia Biotech). A crude measure of total RNA yield
was calculated from the spectrophotometric absorbance at
260 nm (A260). An A260/280 � 1.7 was deemed an acceptable
measure of RNA purity from tissue. RNA integrity was
estimated by visual examination of two distinct ribosomal
RNA bands (28S and 18S) on an ethidium bromide-1%
agarose gel. Total RNA was re-isolated from samples not
meeting quality criteria. RNA was stored at �80°, and
integrity was re-confirmed immediately prior to RT–PCR.

2.9. Semi-quantitative RT–PCR

2.9.1. RT
One microgram mRNA was reverse-transcribed to

cDNA in a two-step approach using Maloney Murine Leu-
kemia Virus Reverse Transcriptase primed by an oligo(dT)
primer as previously described [37]. cDNA was stored for
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no longer than 1 week at �80° until used. Sufficient cDNA
was synthesized to PCR-amplify all genes (targets and stan-
dard) from the same source of cDNA.

2.9.2. PCR
AHR, CYP1A1, and ARNT cDNAs were PCR-ampli-

fied, and signals were normalized to the internal reference
standard, �-actin. Each cDNA was amplified in a separate
tube using Qiagen Taq DNA polymerase. The product of
amplification was labeled for detection by incorporation of
[�-32P]dCTP. The 50-�L reactions contained cDNA de-
rived from 125 ng RNA; 2.5 U Taq polymerase; 1� PCR
reaction buffer; 0.2 �M of each primer; 0.2 mM of each
dNTP; and 1 �Ci [�-32P]dCTP (Amersham Pharmacia Bio-
tech Inc.). Reaction tubes were introduced into a 90° Ge-
neAmp PCR System 9600 (Perkin Elmer). Temperature
cycling (Table 1) was flanked by an initial denaturation step
(4 min; 94°) and a final extension step (7 min; 72°). PCR
product was separated on 10% non-denaturing polyacryl-
amide gels. Radioactive emissions were captured on a Phos-
phor screen and digitized by the Storm Phosphorimager SF
system. Signal intensity was quantitated using IPLab Gel H
software.

Relative rather than absolute levels of gene expression
were sought since variation in efficiency of RT and PCR
reactions for each sample was undefined and decay of ra-
dioisotope was variable between assays. �-Actin was used
as an internal reference standard to control for variability in
all steps leading up to PCR amplification. The quantitative
nature of the polymerase chain reaction to measure relative
gene expression was ensured as validated by Murphy et al.
[39]. The ratio of radiolabelled amplicon of the target to that
of the reference standard (from the same cDNA source) was
used as the measure of steady-state levels of target mRNA.
Experiments were performed in triplicate (from the same
total RNA isolate). From RNA isolation to signal detection,
all individuals within a rat strain were processed simulta-
neously. Cycle number and template concentration were
selected such that minimum and maximum mRNA levels
for each gene were within the exponential range of ampli-
fication. In pilot analyses, samples identified as having the

highest and the lowest abundance extremes for each gene
and each rat strain were identified and amplified by PCR
over a variable number of cycles and over a range of
template concentrations (data not shown). For CYP1A1 in
untreated animals, no signal was detectable by RT–PCR
with 34 cycles of amplification. All comparisons of AHR
levels among treatment groups were made separately within
each strain.

2.10. Primer design

Amplimers were designed with the Primer software pro-
gram (Whitehead Institute of Biomedical Research) (ver-
sion 0.5) and, when possible, pairs were designed to contain
intron–exon boundaries to distinguish potential genomic
DNA contamination (Table 1). Absence of genomic DNA
contamination was ensured by PCR amplification of RNA
without RT for the ARNT gene for which a complete rat
sequence was unavailable. The Blast program (National
Center for Biotechnology Information) was used to ensure
specificity of the primers. Primers were commercially syn-
thesized by the ACGT Corp., and concentrations were con-
firmed spectrophotometrically. Migration of a single band
to the expected molecular weight distance on a 10% poly-
acrylamide gel served to confirm the identity of the PCR
products. For each reverse transcription, diethylpyrocarbon-
ate-treated water was used as a negative control for con-
tamination. The expected product sizes were: AHR � 917
bp; CYP1A1 � 672 bp; ARNT � 413 bp; and �-actin �
688 bp.

2.11. Statistical analyses

The results are given as group means � standard devi-
ation. A strain-wise comparison of treated animals with the
corresponding time-matched control values was performed
for the means of treated groups across all variables analyzed
at days 1 and 10. Day 4 was a special case because there was
no contemporary control group at that time point. Since
there occasionally proved to be a statistically significant
difference in the control means between day 1 and day 10

Table 1
Primer sequences and thermal cycling conditions for the four genes amplified by PCR

Target Amplimer sequences Thermal cycling parameters (sec/°)
(denature) (anneal) (extend) � cycles

AHR 5�- 714-AGGGAGGTTAAAGTATCTTCATGGAC-739 -3� (20sec; 94°)(20sec; 54°)(40sec; 72°) � 24
5�- 1630-TCCCTAGGTTTCTCATGATGCTATAC-1605 -3�

1A1 5�- 627-ACGTTATGACCACGATGACC-646 -3� (20sec; 94°)(20sec; 52°)(40sec; 72°) � 17
5�- 1299-AGGCCGGAACTCGTTTG-1283 -3�

ARNT 5�- 877-CTTGGCTCTGTGAAGGAAGG-896 -3� (20sec; 94°)(19sec; 53°)(40sec; 72°) � 25
5�- 1289-CGGAATCGGAACATGACAG-1271 -3�

�-ACTIN 5�- 344-ACCGTGAAAAGATGACCCAG-363 -3� (20sec; 94°)(20sec; 51°)(40sec; 72°) � 16
5�- 1031-GAGCCACCAATCCACACAG-1011 -3�

Accession numbers: AHR � U09000; CYP1A1 � X00469; ARNT � U61184; �-actin � J00691. Sites of primer design are designated according to 1
� A in the first codon (ATG) of the corresponding cDNA.
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samples (as assessed by Student’ s t-test), day 4 values were
compared separately with both day 1 and day 10 controls
rather than pooling the two controls. Variables with homo-
geneous variances (directly or after logarithmic transforma-
tion; assessed by the Levene test) were analyzed by one-
way ANOVA followed by Duncan’s multiple range post-
hoc test. In the case of non-homogeneous variances, the
Kruskal-Wallis non-parametric one-way ANOVA was used
followed by the Mann-Whitney U test. The limit for statis-
tical significance was set at 0.05.

3. Results

3.1. AHR levels measured by radioligand binding

The AHR population was quantitated by measuring the
apparent number of specific [3H]TCDD binding sites in
liver cytosol from TCDD-treated and untreated rats under
saturating radioligand conditions; this technique detects
unoccupied ligand binding sites only. The portion of
cytosolic AHR occupied by the TCDD treatment given in
vivo is therefore undetectable by this assay. Only the
cytosolic fraction was subjected to radioligand binding
assays since nuclear receptor is presumed to be ligand-
bound from the administered TCDD and therefore un-
available to bind radioligand under standard assay con-
ditions.

Representative radioligand gradient profiles for hepatic
cytosols from the day 10 control and TCDD-treated animals
are shown in Fig. 1A. The shaded area represents specific
binding sites. The visually prominent differences in peak
areas between treatment groups illustrate the effect of
TCDD on AHR levels. Mean values for the total area under
the curve within the specific binding peak for each treatment
group are graphically displayed in Fig. 1B. Treatment with
5 �g/kg of TCDD produced a statistically significant ele-
vation in ligand binding by day 10 in all strains; the greatest
increase was observed in L-E rats (2�). AHR levels were
elevated by 1.6� in H/W and 1.3� in SD rats compared to
time-matched controls. Only H/W rats displayed a statisti-
cally significant decrease in AHR binding at day 1. The
gradual increase in AHR over the course of several days in
L-E and H/W rats is clear from the transformed data ex-
pressed as a percentage of time-matched controls in Fig. 1C.

The 50 �g/kg dose of TCDD produced a different pattern
of ligand binding compared with the 5 �g/kg dose. All
strains displayed an appreciable decrease in binding at day
1. In SD and H/W rats, this was followed by a gradual
increase over time, resulting in nearly complete recovery
(SD rats) and complete recovery (H/W rats) to time-
matched control levels by day 10. No recovery was ob-
served in L-E rats in which receptor levels remained de-
pressed to 25% that of controls over 10 days. Recovery in
SD and H/W rats, and lack thereof in L-E rats, is apparent

from the transformed data expressed as a percentage of the
time-matched controls in Fig. 1C.

We did not perform extensive kinetic binding studies on
the AHR from TCDD-treated animals versus control ani-
mals. However, the apparent Kd for binding of [3H]TCDD
to the AHR by Scatchard plot analyses in cytosol of TCDD-
treated (day 10; 5 �g/kg) SD rats did not differ from that of
control rats (data not shown).

3.2. AHR levels measured by immunoblotting

Immunoblotting was used as an independent approach to
measure AHR protein levels in cytosol and nuclear extract.
This method detects AHR protein independent of functional
integrity of the receptor. The specific AHR band is indicated
by arrows to the left of representative immunoblots in Figs.
2A (cytosol) and 3 (nuclear extract). This band was con-
firmed to represent the AHR as described in “Materials and
methods.” The effect of treatment on AHR immunoreactive
protein levels under optimized immunoblotting conditions
is apparent from the range of band intensities on the immu-
noblots. Mean normalized values are plotted in Fig. 2B. A
5 �g/kg dose of TCDD produced a statistically significant
increase in AHR cytosolic protein by day 10 in all strains
with no change observable 1 day following TCDD expo-
sure. The magnitudes of increase at day 10 in the treated rats
versus the time-matched controls were: H/W � 3.2�;
L-E � 3.0�; and SD � 2.1�. At the higher dose, TCDD
consistently produced an initial drop in cytosolic AHR pro-
tein followed by recovery to control levels in SD and H/W
rats but not in L-E rats. A statistically significant difference
between day 1 and day 10 controls was observed in H/W
rats. The initial depletion and subsequent recovery of AHR
over the course of several days in SD and H/W rats are clear
from the transformed data expressed as a percentage of the
time-matched controls in Fig. 2C. Patterns in cytosolic AHR
levels measured by immunoblotting correlated closely to
those obtained in radioligand binding assays (r2 � 0.739,
N � 90).

Immunoblots for nuclear extracts are presented in Fig. 3.
Although AHR could be detected in this subcellular frac-
tion, the signal intensity approached the limits of detection
(�20 fmol/mg protein) of the assay and therefore could not
be quantitated reliably. A notable observation was a stron-
ger signal detectable in low-dose treated animals compared
with the high-dose treated animals. Nuclear AHR was vir-
tually undetectable in most groups.

ARNT protein was detectable in cytosols using anti-
ARNT antibody, but insufficient antibody was available to
permit rigorous quantitation. The only noteworthy trend
was a modest depression in ARNT protein in SD and L-E
rats receiving high-dose TCDD; no effect was observed in
H/W rats or in the low-dose SD or L-E rats (data not
shown).
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Fig. 1. Radioligand binding in hepatic cytosol of TCDD-treated rats. Cytosols (5 mg/mL protein) were incubated with 10 nM [3H]TCDD as the radioligand
in the absence or presence of a 100-fold molar excess of 2,3,7,8-tetrachlorodibenzofuran as the competitor. Unbound ligand was removed with dextran-coated
charcoal and proteins were separated by velocity sedimentation on sucrose density gradients. Gradients were fractionated, and radioactivity was measured
in each fraction. (A) Representative radioligand binding profiles from day 10 untreated and treated rats. The shaded area illustrates the specific binding peak.
Specific binding was calculated by subtracting binding in the presence of competitor (triangles) from binding in the absence of competitor (circles). (B) Effect
of TCDD treatment on radioligand binding (open squares � 5 �g/kg; filled squares � 50 �g/kg; rhombus � corn oil vehicle controls). Specific binding is
expressed per mg of total protein (measured in triplicate) in samples analyzed on sucrose gradients. Plotted values are means � standard deviation of 5
animals per treatment group. Results for H/W rats are plotted on an expanded scale since constitutive AHR levels are typically half that in L-E rats [14].
Statistically significant difference compared to: (*) � time-matched control; (*1) � day 1 control; and (*10) � day 10 control (P 	 0.05). (C) Results
transformed to percentage of time-matched controls. Day 1 and day 10 transformed data are joined by a dashed line. Day 4 treated animals were divided by
both day 1 and day 10 controls and plotted as discrete points for each strain. Open inverted triangles � L-E, filled triangles � SD, and shaded circles � H/W
rats.
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Fig. 2. Immunoblotting for AHR protein in hepatic cytosols of TCDD-treated rats. Cytosolic proteins were separated by SDS–PAGE (L-E and SD � 75 �g
total protein per lane; H/W � 150 �g total protein per lane), electrotransferred onto polyvinylidene difluoride membranes, and immunoblotted with an anti-AHR
antibody as described in “Materials and methods.” (A) Representative immunoblots for AHR: to minimize positional effects, samples were randomly assigned to
lanes. For clarity, the illustrated blots were digitally reconstructed by re-organization of lanes from the original blots; signal and background intensities remained intact
in the process. Arrows on the left indicate the specific AHR band; positions of molecular weight markers are shown on the right. The AHR migrated to �106 kDa
for L-E and SD and �98 kDa for H/W. “N” represents the normalization standards (pool of all day 1 controls; 2 per gel) used to normalize sample band intensities.
C-1 and C-10 are day 1 and day 10 controls, respectively. (B) Effect of TCDD treatment on AHR protein levels measured by immunoblotting (open squares � 5
�g/kg; filled squares � 50 �g/kg; rhombus � corn oil vehicle controls). Band intensities were normalized to the mean of two normalization standards (N) loaded
on the same gel. Plotted values are means � standard deviation of normalized band intensities (N � 5/treatment group). Assays were performed in duplicate. Results
for H/W rats are plotted on an expanded scale since constitutive AHR levels are typically 2-fold less than for L-E rats. Statistically significant difference compared
to: (*) � time-matched control; (*1) � day 1 control; (*10) � day 10 control (P 	 0.05). (C) Results transformed to percentage of time-matched controls. Day 1
and day 10 transformed data are joined by a dashed line. Day 4 treated animals were divided by both day 1 and day 10 controls and plotted as discrete points for
each strain. Open inverted triangles � L-E, filled triangles � SD, and shaded circles � H/W strains.
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3.3. Whole tissue lysates

Other laboratories have measured AHR levels in whole
tissue lysates [24,36,40] rather than in cytosol and nuclear
extract as in our study. We compared the level of immunore-
active AHR in whole tissue lysates (prepared from several
representative samples of control and treated rats) with that of
cytosolic fractions from the same tissues. The absolute levels
detected were approximately 10-fold less (per same amount of
protein) in whole tissue lysates versus their cytosolic counter-
parts; however, there was a high correlation (r2 � 0.945, N �
8) in AHR levels between the two preparations (Fig. 4).

3.4. Effect of TCDD on mRNA levels

3.4.1. Amplification kinetics
The effect of TCDD on AHR expression was assessed at

the mRNA level using RT–PCR to measure relative changes
in steady-state mRNA. AHR, ARNT, and CYP1A1 were the
target mRNAs measured by this approach. Normalization
was achieved by independent amplification of the control
gene, �-actin, known to be invariant with TCDD treatment.
For each gene (target and standard), measurements were
derived within the exponential range of amplification (data
not shown).

3.4.2. Quantitation
Representative PCR amplicons for each of the sequences

are displayed in Fig. 5A. Mean normalized values for the

target genes are plotted in Fig. 5B. By day 10, AHR mRNA
levels were statistically significantly greater than controls
following low-dose TCDD in L-E (2.6�) and H/W (2.3�)
rats. A significant increase was observed in SD rats at day
4 (when compared to either day 1 or day 10 controls), but
levels returned to nearly control levels by day 10. High-dose
TCDD produced a significant increase in AHR product
levels by day 4, and this substantial elevation was main-
tained until day 10 (SD � 9.6�; H/W � 3.0�). Levels of
ARNT mRNA were comparatively more stable. At day 1 (5
�g/kg), a small initial drop was observed in L-E and SD
rats. L-E rats also showed a decrease in ARNT mRNA at
day 10 following the 50 �g/kg dose of TCDD.

CYP1A1 mRNA (used as the biomarker for effective-
ness of treatment) was nearly maximally induced by day 1
in all strains. The induction was maintained over the com-
plete time course up to 10 days after TCDD treatment. All
strains responded similarly in terms of CYP1A1 induction
with the exception of L-E rats that received the high-dose
TCDD. In contrast to SD and H/W rats, L-E rats displayed
a more modest induction at the high dose than at the low
dose. This highly TCDD-sensitive rat strain also showed
signs of overt toxicity and an inability to recover from initial
depletion of AHR by the high dose. All target mRNA
measurements showed a good concordance between day 1
controls and day 10 controls.

Fig. 3. Immunoblotting for AHR protein in hepatic nuclear extracts of
TCDD-treated rats. Nuclear proteins were separated by SDS–PAGE (100
�g total protein per lane), electrotransferred onto PVDF membranes, and
immunoblotted with an anti-AHR antibody as described in “Materials and
methods” and in the legend to Fig. 2.

Fig. 4. Comparability of AHR measurements made in whole tissue lysates
versus cytosolic fractions. Cytosols and whole tissue lysates prepared from
control and treated rats from all strains were immunoblotted for AHR in
parallel. For both preparations, 75 �g (SD and L-E) and 150 �g (H/W) of
total protein (as determined by triplicate Bradford assays) were separated
by SDS–PAGE. Electroblotted membranes were immunoblotted for AHR.
Signal intensities from cytosols and whole tissue lysates of the same animal
were plotted against each other, and the best-line was fit to the data points,
r2 � 0.945, N � 8.
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Fig. 5. RT–PCR amplification of AHR, ARNT, and CYP1A1 mRNA from liver of TCDD-treated rats. One microgram of total RNA per sample was
reverse-transcribed and PCR-amplified to incorporate radiolabeled [�-32P]dCTP. PCR product was separated by polyacrylamide gel electrophoresis, and
radioactive emissions were captured on a Phosphor screen for detection by a Phosphorimager (see “Materials and methods” ). (A) Representative digitized
images of radiolabeled PCR product for AHR, ARNT, and CYP1A1 mRNA. PCR product for �-actin, shown separately, was used as an internal
normalization standard for the target genes. For clarity of presentation and comparisons, lanes in the image shown were digitally re-organized from original
images; band and background intensities were not altered in the process. C-1 and C-10 are day 1 and day 10 controls, respectively. (B) Effect of TCDD
treatment on AHR, ARNT, and CYP1A1 mRNA levels (open squares � 5 �g/kg; filled squares � 50 �g/kg; rhombus � corn oil vehicle controls). Values
are group means � standard deviation (N � 5/treatment group) of normalized band intensities. Assays were performed in triplicate from the same RNA
isolate. Statistically significant difference compared to: (*) � time-matched control; (*1) � day 1 control; and (*10) � day 10 control (P 	 0.05).
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3.5. Liver and body weight changes

In addition to the biochemical response of CYP1A1
induction, we measured the effect of TCDD on body weight
gain and the liver weight to body weight ratio as a physio-
logical measure of treatment effectiveness. Five micro-
grams per kilogram of TCDD is below the LD50 for all
strains in this study. Fifty micrograms per kilogram of

TCDD exceeds the LD50 for L-E rats by 5-fold and is
approximately equal to the LD50 of SD rats. In all strains,
control animals showed a 5–6% increase in body weight
over the 10-day time course (Fig. 6). The effect of TCDD on
body weight differed among strains. Five micrograms per
kilogram caused decreased weight gain in L-E rats only; 50
�g/kg caused decreased weight gain in both SD and L-E
rats. Neither 5 �g/kg nor 50 �g/kg of TCDD had a signif-

Fig. 6. Body weights and liver weights of female rats treated with TCDD. Body weight measured at time of euthanasia is expressed as a percentage of the
initial body weight (measured at day minus-one). Liver weight is expressed as a percentage of the body weight at the time of euthanasia. Open squares �
5 �g/kg, filled squares � 50 �g/kg, rhombus � corn oil vehicle control. Plotted values are means � standard deviation of 5 animals per treatment group.
Key: (*) � statistically significant difference compared to the time-matched control. For body weights, no comparisons were made for the day 4 time point.
For liver weights: statistically significant difference compared to: (*) � time-matched control; (*1) � day 1 control; and (*10) � day 10 control (P 	 0.05).
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icant impact on body weight gain of the H/W rats. The corn
oil vehicle did not produce any change in the ratio of liver
to body weight after 10 days in any strain. However, 5
�g/kg of TCDD produced a measurable increase in the
liver/body weight ratio in all strains. The 50 �g/kg dose
increased the liver/body weight ratio at day 4, but by day 10
this ratio dropped to or below control values in SD and L-E
rats, respectively. This significant decrease in the liver/body
weight ratio was observed despite the appreciable decrease
in body weight in these strains at the 50 �g/kg dose.

4. Discussion

All three endpoints that we measured—ligand binding,
immunoreactive protein, and mRNA levels—lead to the
same conclusion: acute exposure of rats to TCDD provokes
up-regulation of the AHR receptor in liver over time. We
found significant increases above basal expression levels in
three rat strains receiving 5 �g/kg of TCDD. With 50
�g/kg, AHR protein underwent recovery following an ini-
tial depletion at day 1. Increases in AHR protein were
invariably accompanied by substantial increases in steady-
state AHR mRNA, suggesting that up-regulation of AHR by
its own ligand occurs (at least in part) at the pre-transla-
tional level.

Previous reports of the effect of TCDD on AHR levels in
vivo have been contradictory. Sloop and Lucier [22] and
Bunce et al. [23] reported significant increases in cytosolic
AHR levels in rat liver after exposure to TCDD. Each study
used radioligand binding to measure receptor content. More
recently, several studies using immunoblotting reported de-
pletion of AHR by TCDD in whole tissue lysates of mul-
tiple rat tissues [24,36,40]. In the work by Pollenz et al.
[24], a 10 �g/kg TCDD dose in SD rats produced an initial
depletion of AHR immunoreactive protein within hours of
oral administration followed by some recovery by 14 days
which never re-achieved starting levels in liver. The authors
concluded that the AHR is down-regulated by TCDD in
vivo. In our mapping of AHR expression by TCDD (this
study), we found that both 5 and 50 �g/kg of TCDD pro-
duced an increase in receptor expression in SD rats, al-
though, at 50 �g/kg, this was subsequent to initial depletion
in AHR at day 1. The net result was virtually complete
recovery of cytosolic receptor levels by day 10. The initial
depletion at the high dose (50 �g/kg) probably reflects
translocation of AHR into the nucleus and subsequent re-
ceptor degradation. Despite the likely increase in degrada-
tion of AHR triggered by exposure to TCDD, AHR protein
levels recovered close to control levels in SD rats and to or
beyond (depending on assay) control levels in H/W rats. In
L-E rats, the AHR protein did not recover even after 10
days.

The TCDD doses that we employed (5 or 50 �g/kg) were
not notably different from the dose range (0.2 to 25 �g/kg)
used in studies that reported down-regulation. By immuno-

blotting, we predominantly measured AHR in cytosol and
nuclear extracts rather than whole tissue lysates. As shown
(Fig. 4), receptor levels in cytosols were highly correlated
with those in whole tissue lysates from the same animal (r2

� 0.945, N � 8), indicating that quantitation of AHR in
either preparation is reliable.

The high correlation (r2 � 0.739, N � 90) between
measurements by ligand binding and immunoblotting in our
study confirms that increases in AHR levels are genuine.
Although the magnitude of change measured by the two
techniques was different (particularly with the high-dose
treatment), the pattern of change and resulting conclusions
were the same. Theoretically, at the high dose, the admin-
istered TCDD may occupy a greater fraction of cytosolic
AHR sites, rendering these unavailable for detection by the
radioligand binding assay without affecting measurements
made by immunoblotting. In spite of this potential under-
estimate of AHR levels by the radioligand binding assay,
increases in receptor levels over the time course were still
observed.

One of our incidental findings was that only a small
fraction of the total cellular AHR pool appeared to be
localized in the nucleus post-TCDD, especially with high-
dose TCDD. Nevertheless, nuclear AHR levels clearly were
sufficient to drive and maintain CYP1A1 gene expression.
Rucci and Gasiewicz [41] have shown that, in hamsters,
approximately 30% of the total receptor pool is associated
with the nuclear fraction within hours of treatment with
[3H]TCDD (10 �g/kg, i.p.); this gradually declined to about
5% over several weeks with maintenance of maximal
CYP1A1 induction. It remains unclear whether nuclear
AHR levels are low in TCDD-treated rats because (i) only
a small fraction is translocated, and (ii) TCDD promotes
degradation of the receptor. Based on the precedent from
cell culture, nuclear receptor would be expected to be vul-
nerable to proteolysis. The fate of the nuclear receptor has
been investigated in cell culture [42] but remains uninves-
tigated in vivo.

Although AHR levels can be altered significantly by
TCDD exposure in vivo, TCDD has little influence on the
receptor’ s dimerization partner, ARNT, either at the level of
immunoreactive protein [current study; 24,36,40] or mRNA
[current study].

The up-regulation that we observed in vivo stands in
sharp contrast to what we, and others [25–28,43–45], ob-
served in cell culture in which treatment with AHR agonists
causes rapid and prolonged depletion of AHR protein. This
depletion has recently been shown to be due to proteolytic
degradation [26] via the ubiquitin–proteasome complex
triggered by exposure of the AHR to ligands such as TCDD
[43,45,46]. Degradation by the ubiquitin–proteasome com-
plex probably occurs in tissues in vivo as well as in various
cell types in culture; no in vivo experiments have demon-
strated this yet. It should not be ignored that cell culture
models, although valuable tools, sometimes reflect a dis-
torted or incomplete picture of normal physiologic re-
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sponses. Even if TCDD does enhance AHR degradation in
liver in vivo, TCDD also seems to increase receptor synthe-
sis to an extent that not only replenishes depleted AHR over
the course of a few days, but also causes a net increase in the
total content of AHR at a dose that does not produce
appreciable initial depletion.

Our study significantly extends previous in vivo studies
of the effect of TCDD on AHR levels since, in addition to
quantitating the level of receptor protein by both immuno-
blotting and ligand binding, we concurrently measured the
level of AHR mRNA in the same tissue. Other studies
reported the effect of TCDD on either AHR mRNA levels
and/or AHR protein levels but not both in the same tissue
[36,47–49]. Our previous experiments in cell culture show
that the level of AHR mRNA is not altered by TCDD in
mouse Hepa-1 hepatoma cells [26], nor in human LS180
colon carcinoma cells [37]. Our current in vivo study shows
clearly that, in all cases of increased AHR protein, be it in
the form of recovery (50 �g/kg dose) or net increase over
basal levels (5 �g/kg dose), there is an accompanying in-
crease in AHR mRNA in all strains tested. This suggests a
pre-translational mechanism for restoration or elevation of
AHR levels. Since TCDD likely triggers both degradation
of its receptor and elevation of steady-state receptor mRNA,
it is not surprising that AHR mRNA and protein levels are
not quantitatively correlated.

CYP1A1 mRNA was highly induced by the first day of
TCDD treatment. In contrast, the elevation in AHR mRNA
was not significant in any rat strain at either dose until at
least 4 days after TCDD exposure. CYP1A1 induction has
been documented extensively to be a direct primary re-
sponse mediated by binding of ligand � AHR � ARNT
complexes to DREs in the 5�-flanking region of responsive
genes [1–3]. The delayed onset of elevated AHR mRNA
suggests a mechanism different from that of CYP1A1 in-
duction. Alternatively, the apparent lag in AHR mRNA
accumulation may reflect a different stability of the AHR
mRNA compared with CYP1A1 mRNA. The rat AHR
5�-flanking region remains to be sequenced, but DREs are
known to exist in the 5�-flanking sequences of the Ahr gene
from mice [50] and humans.1 It is not yet known if those
DREs can contribute to enhancing AHR expression in cells
exposed to agonists such as TCDD.

Does up-regulation of the AHR have any impact on
responsiveness of the animal to TCDD? There are no in vivo
data to answer this question. Receptor theory predicts that
an increase in cellular receptor abundance can enhance
responsiveness to ligand by increasing the maximal re-
sponse and/or shifting the dose–response curve to the left
depending on the nature of the stimulus–response cascade
[51]. Andersen and Barton [52] provide a quantitative
model in which “autoinduction” of the AHR by TCDD can
promote steeper dose–response curves to TCDD by switch-

ing the cell to a “highly ligand-responsive” state as a form
of positive feedback. In cultured cells, the exposure to
ligand provokes a dramatic depletion of AHR via proteol-
ysis; this may desensitize the cell to excessive stimulation
by AHR agonists. Our experiments in vivo demonstrate that,
even though a ligand may trigger initial depletion, a single
dose of TCDD has the ability to restore or elevate AHR
levels over several days. Since binding of TCDD to the
AHR is the first essential step to mediating toxicity, a
relatively modest change in total AHR content in a cell or
tissue could confer a substantial increase in sensitivity of
some responses to AHR ligands.

In cell culture it has been demonstrated that “ superin-
duction” of CYP1A1 by TCDD can be produced by block-
ing degradation of the AHR protein [53]. In the current in
vivo study, CYP1A1 induction was comparable among
strains regardless of the fluctuations in AHR protein, sug-
gesting that this response is largely unaffected by changes in
AHR levels. CYP1A1 induction is one of many biochemical
responses to TCDD and, although well characterized, is prob-
ably not involved directly in acute TCDD toxicity [54]. The
molecular events leading to TCDD toxicity remain unclear.
The number of receptors required for a particular response are
likely to be endpoint dependent; therefore, the impact of fluc-
tuations in AHR levels on toxic responses will depend largely
on the nature of the molecular cascade(s) leading to toxicity.
The extent to which elevated receptor levels increase sensitiv-
ity to TCDD in vivo will be challenging to assess in whole-
animal experiments but is worthy of investigation.

In our study, the AHR was up-regulated by TCDD in all
three rat strains. The lack of a clear relationship between
patterns of AHR regulation and toxic endpoints (in terms of
body weight, liver weight, or LD50) indicates that inherent
strain susceptibility likely is not attributable to differential
regulation of the AHR by TCDD. The extraordinary resis-
tance of the Han/Wistar (Kuopio) strain to lethal effects of
TCDD cannot be attributed to a failure to up-regulate the
receptor. Nevertheless, the sensitive Long-Evans (Turku
AB) and Sprague Dawley rat strains have higher total he-
patic levels of AHR than the resistant H/W strain, both
before and after TCDD exposure. The relatively low abun-
dance of AHR in H/W rats may contribute to their resistance
to the lethal effects of TCDD.

Our multiple-dose, multiple-endpoint, multiple-strain
study demonstrates unequivocally that, in addition to initial
depletion, the AHR is also up-regulated by TCDD. Conse-
quently, the widely held view that TCDD produces only
down-regulation of the AHR in vivo is inadequate, as are the
speculated physiological implications when they are con-
fined exclusively to down-regulation.
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