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ABSTRACT
Pertussis toxin ADP ribosylates Gi and Go transducing proteins
and functionally uncouples adenosine A1 receptor (A1AR) from
its effectors. We hypothesized that this loss in receptor cou-
pling could lead to de novo A1AR synthesis by the cell in a futile
attempt to re-establish normal receptor function. To test this
hypothesis, we used hamster ductus deferens tumor (DDT1
MF-2) cells, a cell culture model for studying A1AR, and showed
that pertussis toxin (100 ng/ml) produced a time-dependent
loss in A1AR-Gi interaction and abolished A1AR activation of
extracellular signal-regulated kinase 1/2. Interestingly, pertus-
sis toxin increased the expression of A1AR, as measured by
real-time polymerase chain reaction, immunocytochemistry,
and [3H]cyclopentyl-1,3-dipropylxanthine (DPCPX) binding,
suggesting a compensatory response to Gi protein inactivation.
DDT1 MF-2 cells exposed to pertussis toxin demonstrated nu-

clear factor �B (NF-�B) activation within 30 min of exposure, a
time point that preceded the loss of function of the A1AR.
Inhibition of NF-�B attenuated the increase in A1AR induced by
pertussis toxin. Cells exposed to B-oligomer subunit of pertus-
sis toxin, devoid of significant ADP ribosyltransferase activity,
showed increased A1AR protein expression, preceded by acti-
vation of NF-�B. B-Oligomer increased intracellular Ca2� in
DDT1 MF-2 cells. Chelation of intracellular Ca2� with 1,2-bis(2-
aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid or inhibition
of protein kinase C (PKC) with bisindolylmaleimide hydrochlo-
ride reduced the activation of NF-�B and [3H]DPCPX binding.
We conclude that pertussis toxin promotes de novo A1AR
synthesis by activating NF-�B through an ADP ribosylation-
independent mechanism involving intracellular Ca2� release
and PKC activation.

Adenosine receptors (ARs) are members of the superfamily
of heptahelical G protein-coupled receptors, which are the
primary targets of endogenously released adenosine. To date,
four types of ARs, namely A1, A2a, A2b, and A3AR, have been
cloned and characterized from several mammalian species,
including humans (Dunwiddie and Masino, 2001). The A1AR
interacts with pertussis toxin-sensitive G proteins, including
Gi and Go proteins. Activation of this receptor subtype leads

to inhibition of adenylyl cyclase, although other effector tar-
gets such as the voltage-sensitive Ca2� channels (Sperelakis,
1987), K� channels (Kurachi et al., 1986), and mitogen-acti-
vated protein kinase (Dickenson et al., 1998) have also been
identified.

Similar to other G protein-coupled receptors, agonist expo-
sure promotes desensitization of the A1AR, a process associ-
ated with phosphorylation and down-regulation of the recep-
tor (Stiles, 1991). In contrast, exposure to antagonist ligands
is associated with increased expression and G protein cou-
pling efficiency of the A1AR (Stiles, 1991). These differential
responses to agonists and antagonists might reflect the need
of the cell to maintain homeostasis in the presence of exces-
sive or chronic stimulation or inhibition of the receptor, re-
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spectively. Furthermore, the receptor demonstrates differen-
tial binding affinities to agonist and antagonist ligands,
depending on the degree of receptor-G protein coupling in
adipocyte membrane preparations (Ramkumar and Stiles,
1988) and following reconstitution of purified preparations of
the A1AR and Gi proteins (Freissmuth et al., 1991).

Pertussis toxin, an exotoxin derived from Bordetella per-
tussis, has been widely employed as a research tool to study
receptor signaling via Gi and Go proteins and transducin
(Murayama and Ui, 1983). This endotoxin is a heterohexam-
eric protein that is structurally and functionally comprised of
an A and a B subunit, common to many of the bacterial toxins
(Kaslow and Burns, 1992). The A-protomer consists of a
single peptide subunit (S1) that possesses ADP ribosyltrans-
ferase activity and catalyzes the transfer of ADP-ribose from
NAD to the cysteine residue at the C terminus of the �-sub-
unit of Gi and Go proteins and transducin. The B-oligomer
comprises the S2, S3, S4, and S5 subunits in a stoichiometry
of 1:1:2:1 and is responsible for attachment to the surface of
its target cells (Wong and Rosoff, 1996). One consequence of
binding to the cell surface is ADP ribosylation and inactiva-
tion of Gi, Go, and transducin, even though a number of other
effects of the toxin have also been described previously (Wong
and Rosoff, 1996).

We hypothesized that uncoupling of the A1AR from Gi by
pertussis toxin could mimic the effect of chronic A1AR antag-
onist treatment, leading to alteration in receptor expression
in a futile attempt to re-establish normal receptor function.
Data presented in this manuscript confirm this hypothesis
and indicate that, in addition to ADP ribosylation and un-
coupling of the A1AR, pertussis toxin mediates de novo syn-
thesis of the A1AR. This increase in A1AR expression was
mediated by an ADP ribosylation-independent but a Ca2�/
protein kinase C (PKC)-dependent activation of transcription
factor, nuclear factor (NF)-�B.

Materials and Methods
Materials. Pertussis toxin, HEPES, Tris�HCl, soybean trypsin

inhibitor, pepstatin, benzamidine, adenosine, bacterial lipopoly-
saccharide (LPS), adenosine deaminase, [3H]cyclopentyl-1,3-dipro-
pylxanthine (DPCPX), pyrrolidine dithiocarbamate (PDTC), 1,2-
bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid (BAPTA),
bisindolylmaleimide hydrochloride (BIM), and PD098059 were ob-
tained from Sigma Chemical Co. (St. Louis, MO). R-Phenylisopropy-
ladenosine (R-PIA) and 4-aminobenzyl-5�-N-methylcarboxamidoad-
enosine (AB-MECA) were from Boehringer-Mannheim Biochemicals
(Indianapolis, IN). The antagonist radioligand [3H]DPCPX (160 Ci/
mmol), 125I-sodium, and [32P]�-dCTP (3000 Ci/mmol) were pur-
chased from Du-Pont New England Nuclear (Boston, MA). Synthesis
of 125I-AB-MECA was performed as described previously (Olah et al.,
1994). Antibodies against p65, p50, phosphor-extracellular signal-
regulated kinase (ERK) 1/2, and total ERK1 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA), whereas antibody
against �-actin was from Sigma Chemical Co. Cell culture supplies,
including Dulbecco’s modified Eagle’s medium (high-glucose) me-
dium, fetal bovine serum, and penicillin-streptomycin were obtained
from GIBCO-BRL (Grand Island, NY). All other reagents were of
highest available grade and were purchased from standard sources.

Cell Culture. DDT1 MF-2 cells were cultured in medium con-
sisted of Dulbecco’s modified Eagle’s medium (high-glucose), supple-
mented with 10% fetal bovine serum, 50 U/ml penicillin, and 25
�g/ml streptomycin. Cells were grown at 37°C in the presence of 5%
CO2 and 95% ambient air. Cells were passaged twice a week, and all
the experiments were performed using confluent monolayers.

Radioligand Binding Assay. Cells were detached in ice-cold
phosphate-buffered saline containing 5 mM EDTA. The cells were
then lysed in 10 mM Tris�HCl buffer (pH 7.4 at room temperature),
containing 5 mM EDTA, 10 �g/ml soybean trypsin inhibitor, 10
�g/ml benzamidine, and 2 �g/ml pepstatin, and homogenized briefly
by Polytron homogenizer (Brinkmann Instruments, Westbury, NY)
at setting 8 for 20 s at 4°C. Membranes were obtained by centrifu-
gation of the homogenates at 14,000g for 15 min. The final pellet was
resuspended in 50 mM Tris�HCl buffer (pH 7.4 at room temperature),
10 mM MgCl2, and 1 mM EDTA, containing protease inhibitors
(described above). Endogenously released adenosine was degraded
using adenosine deaminase (5 U/ml) and incubating the mixture for
15 min at 37°C. This preparation was then used for radioligand
binding.

Quantitation of A1AR was performed using the antagonist
[3H]DPCPX. Membrane preparations (approximately 80 �g of pro-
tein/assay tube) were incubated with the radioligands for 45 min
at 37°C in the absence or presence of 1 mM theophylline (to define
nonspecific binding) in a total volume 250 �l of 50 mM Tris�HCl,
pH 7.4, 10 mM MgCl2, and 1 mM EDTA. Saturation binding
experiments were performed by incubating at least five concen-
trations of [3H]DPCPX (0.5–5 nM) with membranes for 45 min at
37°C. The reaction mixture was then filtered over polyethyleni-
mine-treated (0.3%) Whatman GF/B glass fiber filters (Whatman,
Clifton, NJ) and washed with 10 ml of ice-cold Tris buffer contain-
ing 0.01% CHAPS. The radioactive content of each filter was
determined using a Beckman liquid scintillation counter (LS5801;
Beckman Instruments, Fullerton, CA) or a Packard (5780) gamma
counter (PerkinElmer Life and Analytical Sciences, Boston, MA).
Analyses of radioligand binding data were performed using
GraphPad Prism (GraphPad Software, San Diego, CA).

Immunocytochemistry. DDT1 MF-2 cells were cultured on
cover slips, and respective treatments were done. Cells were then
fixed with 4% paraformaldehyde for 15 min, washed twice with
phosphate-buffered saline (PBS), and then exposed to PBS contain-
ing 5% normal donkey serum for 10 min to reduce nonspecific bind-
ing. Cells were treated with a mouse monoclonal A1AR antibody
diluted 1:5 in 5% normal donkey serum along with 0.05% Triton
X-100 in PBS and incubated for 1 h at 37°C. Following incubation,
cells were washed with PBS and treated for 1 h with donkey anti-
mouse IgG labeled with rhodamine (Jackson Immunochemicals,
West Grove, PA) diluted 1:100 in PBS, containing 5% normal donkey
serum and 0.05% Triton X-100. Cells were then washed once with
PBS and with 75% ethanol followed by a wash with water. The
coverslips were then mounted on glass microscope slides using aqua-
mount and visualized by a Fluoview confocal microscope (Olympus
America Inc., Melville, NY) using a 20� objective.

RNA Preparation, Reverse Transcription, and Polymerase
Chain Reaction. Isolation of total RNA from DDT1-MF2 cells was
performed by using Tri reagent (Sigma), as directed by the manu-
facturer. Total RNA was then used to prepare the poly(A)�RNA,
which was reverse transcribed using an iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA) in a total volume of 20 �l. Two microliters of
the reaction volume was then used for polymerase chain reaction
(PCR) amplification. PCR reactions were performed in a total volume
of 25 �l. Primer sequences for A1AR included 5�-CAT CCC ACT GGC
CAT CCT TAT-3� (sense) and 5�-AGG TAT CGA TCC ACA GCA
ATG-3� (antisense), which predictably generated a 115-bp PCR prod-
uct. PCR conditions used were 94°C for 5 min for denaturation, 45
cycles of 94°C for 30 s, 64°C for 15 s, and 72°C for 30 s in that order
and finally an extension time of 10 min at 72°C. The respective prod-
ucts were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primer sequences included 5�-ATG GTG AAG GTC GGT
GTG AAC-3� (sense) and 5�-TGT AGT TGA GGT CAA TGA AGG-3�
(antisense), and the PCR product was seen at 110 bp. All the PCR
products were resolved on a 2.0% agarose gel containing SYBR Green I
(Life Technologies Inc., Carlsbad, CA). Bands of interest were visual-
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ized and quantitated using the Un-Scan-It software (Silk Scientific Inc.,
Orem, UT).

Real-Time PCR. Total RNA was isolated, and poly(A)�RNA was
made from it as described above. Poly(A)�RNA (1 �g) was converted
to c-DNA using iScript cDNA Synthesis Kit (Bio-Rad). The reaction
mixture was set up as follows: 15 �l of poly(A)�RNA, 4 �l of iScript
reaction mix, and 1 �l of iScript reverse transcriptase in the total
volume of 20 �l. The reaction mix was incubated at 25°C for 5 min,
42°C for 30 min, and 85°C for 5 min. The cDNA reaction mix was
then used for real-time PCR. The primers used for A1AR were iden-
tical to those used for traditional PCR (above). The reaction mixture
for real-time PCR was set up as follows: 2 �l of c-DNA, 0.5 �l of each
primer (50 pM stock), and 12.5 �l of the iQ SYBR Green Supermix
reagent (Bio-Rad) in a total volume of 25 �l of DNase/RNase-free
water. GAPDH was used for normalization and set up as follows: 1 �l
of cDNA, 12.5 �l of the iQ SYBR Green Supermix reagent, and 1 �l
of GAPDH primer in a final volume of 25 �l of DNase/RNase. The
primers used for GAPDH were identical to those described above for
traditional PCR. Amplification and detection was performed with the
Cepheid Smart Cycler Detection System (Cepheid, Sunnyvale, CA).
Negative control reactions for A1AR and GAPDH were set up as
above without any template cDNA. Cycling conditions were 95°C for
3 min followed by 65 cycles at 95°C for 15 s, 64°C for 30 s, and 72°C
for 30 s. On completion of amplification, melting curve analysis was
performed by cooling the reaction to 60°C and then heating slowly
until 95°C according to the instructions of the manufacturer (Ce-
pheid). The cycle number at which the sample reaches the thresh-
old fluorescent intensity is called the cycle threshold (Ct). The
relative change in mRNA levels between control (a) and pertus-
sis-toxin treated sample (b) was measured using the formula
2

(Ct Target gene a � Ct GAPDH1) � (Ct Target gene b � Ct GAPDH2)
. Relative changes in

A1AR RNA levels between samples have been expressed as per-
centage of normal control. Negative controls for both the A1AR
gene and GAPDH were used for all reaction groups. Real-time
PCR products were also run on a 2.0% agarose gel, and the 115-bp
product size was verified.

Western Blotting. Total cell lysates were used to quantitate
R-PIA-mediated activation of ERK1/2, whereas nuclear extracts
were used for NF-�B subunits. Nuclear extracts were prepared in 10
mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.4% Nonidet P-40,
1 mM dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluoride
(PMSF) (buffer A). The mixtures were centrifuged at 5000g for 30 s,
and the cytosolic extract was separated. The nuclear pellet was
washed with excess volume of buffer A and then resuspended in 20
mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1
mM PMSF (buffer B). After incubating for 5 min at 4°C with rotation,
the extracts were centrifuged (5000g, 1 min), and the supernatants
were used for Western blotting. Proteins were transferred to nitro-
cellulose membranes, blocked in a solution containing 130 mM NaCl,
2.7 mM KCl, 1.8 mM Na2HPO4, 1.5 mM KH2PO4, 0.1% NaN3, 0.1%
Triton X-100, and 5% low-fat skim milk for 1 h, and then incubated
at 4°C overnight with primary antibody. After five washes in block-
ing solution, blots were incubated with horseradish peroxidase-la-
beled goat anti-rabbit IgG or rabbit anti-goat IgG secondary antibody
(Santa Cruz Biotechnology) for 1 h at room temperature and washed
three times with Tris-buffered saline (20 mM Tris�HCl and 137 mM
NaCl, pH 7.6, at 25°C), containing 0.1% Tween 20. This was followed
by three washes with Tris-buffered saline without Tween 20, treat-
ment with ECL Plus reagents (Amersham Biosciences, Piscataway,
NJ), and visualization by exposure to Kodak XAR film (Fisher Sci-
entific, Pittsburgh, PA) or by using a charge-coupled device camera
(Hitachi Genetic Systems, MiraiBio Inc., Alameda, CA). Bands were
quantified using the Un-Scan-It software.

Electrophoretic Mobility Shift Assay. Electrophoretic mobility
shift assay was performed by incubating nuclear extracts with 32P-
radiolabeled double-stranded oligonucleotide probes suspended in
reaction buffer (12 mM HEPES, pH 7.9, 100 mM NaCl, 0.25 mM
EDTA, 1 mM DTT, and 1 mM PMSF) at room temperature for 10

min. The protein-DNA complexes were electrophoresed using 4%
nondenaturing polyacrylamide gels, dried, and exposed to X-ray
films (Fisher Scientific) or to phosphor screen imaging (Cyclone
Storage Phosphor System, PerkinElmer Life and Analytical Sci-
ences). The -fold increase in the expression of the transcription
factors was determined using background subtract. The oligonucle-
otide probes used in these assays were 5�-CAACGGCAGGGGAAT-
TCCCCTCTCCTT-3� (for NF-�B) and 5-TGTCGAATGCAAATCAC-
TAGAA-3� (for Oct-1).

Ca2� Imaging. To detect changes in intracellular Ca2� levels,
DDT1 MF-2 cells were cultured on glass coverslips. Adherent cells
were washed with physiologic buffer (130 mM NaCl, 4 mM KCl, 10
mM HEPES, 5 mM glucose, 2 mM CaCl2, and 2 mM MgCl2, pH 7.3)
and loaded with 5 �M Fluo-4, AM (Molecular Probes, Eugene, OR).
After incubation at 37°C for 30 to 45 min, the cells were washed once
with physiologic buffer and imaged with an Argon laser at 488 nm
using flow view confocal microscope. Baseline images were recorded
in the presence of vehicle and for 15 min following addition of
B-oligomer. Analysis of the image obtained was carried out using the
Fluoview software.

Protein Determination. The levels of protein in samples were
determined by the method of Bradford (1976), using bovine serum
albumin to prepare standard curves.

Statistical Analysis. Statistical analyses were performed using
analysis of variance and Dunnett’s post hoc test. Error bars shown in
the figures represent S.E.M.

Results
Pertussis Toxin Uncouples the A1AR from Its G Pro-

tein(s). Treatment of DDT1 MF-2 cells with pertussis toxin
(100 ng/ml) produced a time-dependent decrease in the bind-
ing of the A1AR agonist radioligand 125I-AB-MECA, which
was reduced by 67 � 3% at 8 h and 76 � 5% by 12 h (Fig. 1A).
Because the agonist radioligand interacts with high affinity
to A1AR coupled to the Gi proteins expressed in the plasma
membranes of these cells, a decrease in binding reflects
uncoupling of the A1AR from Gi proteins by pertussis
toxin. In contrast, the binding of the antagonist radio-
ligand, [3H]DPCPX, showed a time-dependent increase by
�4 h and progressive elevations up to 12 h (Fig. 1B). The
binding of the antagonist radioligand was increased by
117.3 � 34.1% after 8 h and 149.4 � 24.7% following 12 h
of exposure to pertussis toxin, with no further significant
change by 24 h.

To determine whether pertussis toxin functionally uncou-
ples the A1AR from its G proteins, we determined whether it
inhibits A1AR-stimulated phosphorylation of ERK1/2. The
addition of 1 �M R-PIA to cultures increased ERK1/2 phos-
phorylation, which peaked at 5 min and returned to basal
level by 30 min. The phosphorylation of ERK1/2 was abro-
gated in cells pretreated with pertussis toxin (100 ng/ml) for
12 h, a time point at which significant uncoupling of the
A1AR was observed (Fig. 1C). Similarly, cells pretreated for
30 min with 20 �M PD098059, an inhibitor of mitogen-
activated protein kinase kinase, showed reduced stimulation
of ERK1/2 phosphorylation. These findings suggest that op-
timal inactivation of Gi had occurred during the 12-h treat-
ment of cells with pertussis toxin and that A1AR-stimulated
ERK1/2 phosphorylation is mediated via a Gi pathway.

We also observed inhibition of basal (time 0) ERK1/2 phos-
phorylation by pertussis toxin. Pretreating cells with DPCPX
(1 �M) or adenosine deaminase (5 U/ml) reduced basal
ERK1/2 phosphorylation (Fig. 1D), implicating endogenous
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adenosine in the activation of this kinase under basal condi-
tion. However, pertussis toxin treatment did not significantly
reduce the stimulation of ERK1/2 by LPS (Fig. 1E), which
occurs independent of Gi, discounting a nonspecific inhibitory
effect of pertussis toxin on ERK1/2.

Pertussis Toxin Increases the Affinity and Expres-
sion of the A1AR. A previous study indicated that uncou-
pling of the A1AR from the Gi protein by guanine nucleotides
altered the affinity of the receptor for ligands (Ramkumar
and Stiles, 1988). To determine whether the increase in
[3H]DPCPX binding, observed above, reflects an increase
in affinity of this receptor and/or results from an increase in
number of the A1AR, full saturation plots were performed on
membranes obtained from control and pertussis toxin-
treated cells (Fig. 2A). Analysis of these curves indicate a
statistically significant increase in the Bmax from 206 � 24 to
321 � 26 fmol/mg protein (p � 0.05) in the cells treated with
pertussis toxin (100 ng/ml) for 12 h (inset). Interestingly,
saturation plots obtained from membranes of pertussis toxin-
treated cells showed consistently higher affinities for the
radioligand, as depicted by a reduction in the equilibrium
dissociation constant (Kd) values. Kd values were 0.75 � 0.07
nM for controls and 0.34 � 0.08 nM for pertussis toxin-
treated cells (inset). To determine whether the increase in
Bmax reflected a true increase in the number of the A1AR,
immunocytochemistry was performed using a monoclonal an-
tibody for A1AR (Ochiishi et al., 1999) and rhodamine-conju-
gated secondary antibody. Detection of the labeled A1AR was
determined by confocal microscopy, which showed the recep-

tor as a reddish-orange color localized primarily to the cell
surface, but with some cytosolic staining (Fig. 2B). Qualita-
tively, there was a substantial increase in A1AR fluorescence
observed in the cells treated with pertussis toxin, confirming
that the increase in Bmax was most likely due to an increase
in the A1AR protein. All of the treatment groups were pro-
cessed simultaneously with the antibody and visualized us-
ing the same settings on the confocal microscope, ensuring
appropriate comparisons of the treatment groups. No immu-
nolabeling was observed in the absence of primary antibody
addition, indicating antibody specificity.

Pertussis Toxin Increases Transcription of the A1AR
Gene. We next determined the expression of A1AR tran-
scripts in control cells and the cells treated with pertussis
toxin. DDT1 MF-2 cells treated with pertussis toxin for 8 h
showed an increase in A1AR mRNA, as depicted qualitatively
by reverse transcription-PCR (Fig. 3A). The quantitative
evaluation of mRNA synthesis by real-time PCR demon-
strated 7.3 � 0.8-fold increase in the A1AR mRNA content
(normalized to GAPDH mRNA) in pertussis toxin-treated
cells, compared with the control cells (Fig. 3B).

Increase in A1AR by Pertussis Toxin Involves NF-�B
Activation. A previous study (Nie et al., 1998) has shown
that upstream regulatory sites of the A1AR gene contain
consensus sequences for NF-�B, which mediates oxidative
stress-induced A1AR expression. To determine whether
NF-�B mediates a similar induction of A1AR mRNA by per-
tussis toxin, electrophoretic mobility shift assays were per-
formed. Treatment of DDT1 MF-2 cells with pertussis toxin

Fig. 1. Pertussis toxin uncouples the A1AR from its associated G proteins. A and B, DDT1 MF-2 cells were treated with pertussis toxin (100 ng/ml),
and the binding of the agonist (125I-AB-MECA) (A) and the antagonist ([3H]DPCPX) radioligands (B) were assessed in crude membrane preparations
at different times over 24 h. Data are presented as the mean � S.E.M. of four independent experiments. Asterisks indicate statistical significant
difference from control (p � 0.05). C, pertussis toxin abolishes R-PIA-dependent ERK1/2 phosphorylation. Cells were exposed to pertussis toxin (100
ng/ml) for 12 h or to PD98059 (20 �M) for 30 min prior to the addition of R-PIA (1 �M) for the time periods indicated. Cells were washed with
phosphate-buffered saline containing phosphatase inhibitors, and lysates were prepared and resolved by 12% SDS-polyacrylamide gel electrophoresis.
Gels were blotted on to nitrocellulose membranes and visualized by using phosphoERK1/2 or total ERK1 polyclonal primary antibodies and an
horseradish peroxidase-tagged secondary antibody. D, basal ERK1/2 phosphorylation is inhibited by treating the cells with either 1 �M DPCPX or 5
U/ml adenosine deaminase (ADA), implicating the role of endogenous adenosine acting at the A1AR. E, pertussis toxin did not inhibit LPS-stimulated
ERK1/2 phosphorylation. DDT1 MF-2 cells were pretreated with pertussis toxin (100 ng/ml) for 12 h, followed by 15-min treatment with 3 �g/ml LPS.
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led to a rapid increase in NF-�B activity, observed as early as
30 min following exposure to the toxin (Fig. 4A). To identify
the subunit(s) of NF-�B activated in this process, supershift
assays were carried out using the specific antibodies against
most commonly expressed p65 and p50 subunits of this com-
plex. Figure 4A demonstrates the presence of supershifted
bands for p65, and p50, suggesting the involvement of both of
these subunits in the activation of NF-�B by pertussis toxin.
Normalization of all the blots was performed with a labeled
oligonucleotide probe for Oct-1. This finding was further sup-
ported by Western blotting experiments for the p65 and p50
subunits using the same nuclear extracts used for electro-
phoretic shift mobility assays. Figure 4B is a representative
Western blot showing increases in p50 and p65 present in the
nucleus following exposure of cells to pertussis toxin for 30
min. To determine whether the increase in NF-�B activity
was associated with the increase in A1AR expression, cells
were pretreated with PDTC (50 �M), an inhibitor of NF-�B,
1 h prior to the administration of pertussis toxin, and
[3H]DPCPX binding was performed on the membranes pre-
pared from these cells (Fig. 4C). We observed a significant
reduction (p � 0.05) in the response to pertussis toxin by
PDTC. The decreased expression of A1AR by PDTC was
confirmed by A1AR immunoreactivity (Fig. 4D).

Activation of NF-�B by Pertussis Toxin Is Indepen-
dent of ADP Ribosylation Activity. The rapid rate of
activation of NF-�B by pertussis toxin (�30 min) suggests
that this process likely does not involve ADP ribosylation of
Gi, which occurs several hours after exposure to pertussis
toxin (see Fig. 1). Recent data have implicated B-oligomer
moiety of the holotoxin, devoid of ADP ribosyltransferase

activity, in regulating the activity of NF-�B (Iordanskiy et
al., 2002; Tonon et al., 2002). Therefore, we next determined
whether B-oligomer activates NF-�B in DDT1MF-2 cells.
Cells were incubated with various concentrations of B-oli-
gomer for 30 min, and samples were prepared for electro-
phoretic mobility shift assays. As shown in Fig. 5A, B-oli-
gomer increased the activity of NF-�B in a dose-dependent
manner, with maximal effects observed at 30 min using 100
nM of the subunit. As would be expected for NF-�B activa-
tion, B-oligomer administration stimulated the degradation
of the inhibitory I�B-� protein. Maximum decrease in I�B-�
was obtained after 20 min of B-oligomer treatment and par-
tially recovered by 30 min, possibly indicative of de novo
protein synthesis (Sun et al., 1993). To test whether activa-
tion of NF-�B by B-oligomer correlates with the induction of
A1AR, we performed [3H]DPCPX binding. As shown in Fig.
5C, treatment with B-oligomer (1 nM) produced a 121%
increase in A1AR at 12 h. There was no significant loss of
agonist radioligand binding using the same treatment con-
ditions (Fig. 5D), confirming that this preparation of B-
oligomer was devoid of significant ADP ribosyltransferase
activity. This was further supported by experiments that
showed that cells incubated with B-oligomer for 6 h, a time
point associated with a significant increase in [3H]DPCPX
binding, demonstrate no significant reduction in R-PIA-
stimulated ERK1/2 phosphorylation (Fig. 5D, inset). Sim-
ilar to the increased [3H]DPCPX binding, we also observed
increases in A1AR immunoreactivity in cells treated with
B-oligomer, which was reduced by PDTC (Fig. 5E).

Activation of NF-�B by B-Oligomer Involves an In-
crease in Intracellular Ca2� Release. A previous study

Fig. 2. Pertussis toxin treatment in-
creases the number and affinity of the
A1AR. A, DDT1 MF-2 cells were
treated with pertussis toxin (100 ng/
ml) for 12 h and used for [3H]DPCPX
radioligand binding assays. Inset
(right) shows the significant change in
Bmax and Kd for A1AR antagonist in the
presence of pertussis toxin, as calcu-
lated from Scatchard analysis (Graph-
Pad Prism Software). Values are ex-
pressed as the mean � S.E.M. from
four independent experiments. Aster-
isk indicates statistically significant
difference (p � 0.05) from control (un-
treated) cells. B, immunocytochemis-
try was performed on cells treated for
12 h with pertussis toxin (100 ng/ml)
using a mouse monoclonal antibody for
the A1AR and a rhodamine-tagged sec-
ondary antibody. Labeled cells were vi-
sualized by confocal microscopy using
200-fold magnification.
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demonstrated a critical role of intracellular Ca2� in mediat-
ing activation of NF-�B by oxidant stress in the endoplasmic
reticulum (Pahl and Baeuerle, 1996). To determine the path-
way(s) involved in the activation of NF-�B by B-oligomer, we
determined whether this agent increases intracellular Ca2�

release. We observed an increase in intracellular Ca2� re-
lease in DDT1MF-2 cells following a 15-min exposure to
B-oligomer (Fig. 6A). To determine whether this increase in
intracellular Ca2� was involved in the activation of NF-�B,
Ca2� was chelated by adding BAPTA-AM (20 �M) 30 min
prior to B-oligomer treatment. BAPTA-AM significantly re-
duced B-oligomer-dependent NF-�B activation by �50% (Fig.
6B). In addition, BAPTA-AM reduced B-oligomer-induced
increase in [3H]DPCPX binding, indicative of an increase in
A1AR. B-oligomer increased [3H]DPCPX binding from 416 �
72 to 793 � 20 fmol/mg protein, which was reduced to 441 �
30 fmol/mg protein in cells pretreated with BAPTA-AM. The
addition of BAPTA-AM alone produced a small but insignif-
icant reduction in [3H]DPCPX binding.

One of the downstream signaling molecules activated by
rise in intracellular Ca2� is PKC. Therefore, we next deter-
mined whether PKC plays a role in the activation of NF-�B
by B-oligomer by electrophoretic mobility shift assays. Inhi-
bition of protein kinase C with 1 �M BIM reduced the B-
oligomer activation of NF-�B by more than 50%. Quantita-
tion of A1AR by radioligand binding assays indicated a
decrease in receptor by BIM in B-oligomer-treated cells. B-

Oligomer increased [3H]DPCPX binding by 76 � 13% over
control and by 36 � 4% in the presence of BIM (Fig. 7B).

Discussion
Inhibition of receptor function in biological systems is gen-

erally countered by an increased expression and function of
the receptor and/or postreceptor signaling proteins that serve
as the targets for inhibition. This homeostatic mechanism
allows for the receptor system to maintain some level of
activation or recharges it for activity once the inhibitor is
removed. In this study, we determined the consequences of
functional inactivation of the A1AR by ADP ribosylation of its
coupling Gi protein by pertussis toxin. Our data indicate that
pertussis toxin stimulates A1AR expression by activating
NF-�B in these cells. Interestingly, this response seems to be
independent of ADP ribosylation of Gi because it is also
observed with the B-oligomer subunit of the toxin that is
devoid of significant ADP ribosyltransferase activity. How-
ever, B-oligomer-mediated increase in intracellular Ca2� re-
lease and possibly activation of PKC could account for the
activation of NF-�B and induction in A1AR.

The A1AR has been extensively studied to determine the
mechanism(s) underlying agonist-induced receptor desensi-
tization. Agonist exposure resulted in reduced A1AR-medi-
ated functions in cultured rat adipocytes (Green, 1987), in
cardiac myocytes (Shryock et al., 1989), in DDT1 MF-2 cells
(Ramkumar et al., 1991), and in the cells transfected with the
A1AR cDNA (Palmer and Stiles, 1995). Similarly, in vivo
studies have documented agonist-induced desensitization of
the A1AR in the rat adipocytes (Longabaugh et al., 1989) and
rat brain (Ruiz et al., 1996). The aforementioned in vivo
study indicates that desensitization of the A1AR affects mul-
tiple components of the A1AR signaling pathway, which in-
clude both the receptor and the associated Gi proteins. In
contrast, administration of the antagonist caffeine to rats
increased A1AR levels along with its G proteins (Ramkumar
et al., 1988).

In this study, we demonstrated that pertussis toxin treat-
ment uncouples the A1AR from the Gi coupling protein, as
indicated by a loss of high-affinity agonist binding and a
decrease in A1AR-mediated phosphorylation of ERK1/2. This
was associated with a time-dependent increase in antagonist
binding. The time points at which increases in antagonist
binding were observed were similar to the time course of
receptor uncoupling, suggesting that both events were occur-
ring simultaneously. We have shown previously a similar
alteration in the binding of the xanthine amino congener
antagonist radioligand in adipocyte membrane preparations
when receptor uncoupling was initiated by guanine nucleo-
tides (Ramkumar and Stiles, 1988). We proposed that the
native A1AR conformation allows for tight coupling to its G
proteins and high-affinity agonist binding, which is altered
by uncoupling. On the other hand, the antagonist interacts
preferentially with the uncoupled A1AR. Together, these
data suggest that the agonist and antagonist ligands are
interacting with different conformations of the A1AR, as sug-
gested by Barrington et al. (1989). Using chimeric A1/A3AR,
Olah et al. (1994) indicate that different segments of the
A1AR confer high-affinity agonist and antagonist binding.
They show that transmembrane regions 4, and to a lesser
extent, transmembrane regions 6 and 7, are involved in the

Fig. 3. Pertussis toxin increases A1AR transcripts. A, reverse transcrip-
tion-PCR and quantitative real-time PCR studies were performed using
selective primers for the A1AR and poly(A)� RNA, as detailed under
Materials and Methods. The figure is a representative electrophoresis gel
picture showing the increased A1AR mRNA expression in the presence of
pertussis toxin obtained after 36 cycles. GAPDH was used for normaliza-
tion. B, quantitative analysis of A1AR mRNA expression by real-time
PCR. The data represent the mean � S.E.M. of three independent exper-
iments. Asterisk indicates statistically significant difference (p � 0.05)
from control.
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binding of the A1AR antagonist (Olah et al., 1994). Another
possible explanation for the increased antagonist affinity is
that the A1AR is bound to the endogenous agonist, adenosine,
under normal condition and that this is disrupted by pertus-
sis toxin. As such, the antagonist would have unimpeded
access to the receptor following pertussis toxin treatment. To
reduce this possibility, we routinely pretreated membranes
with adenosine deaminase at a concentration of 5 U/ml to
degrade the endogenously released adenosine.

A second property of pertussis toxin was its ability to
induce A1AR by activating NF-�B. This transcription factor
exists in cytoplasm as homodimeric or heterodimeric pro-
teins, where it is sequestered by I�B proteins. Activation of
NF-�B results from phosphorylation of I�B-� at serine 32
and 36, followed by polyubiquitination and degradation via
26 S proteosomal pathway. The degradation of I�B-� un-
masks a nuclear localization sequence present on the NF-�B
protein dimers, thereby promoting nuclear translocation and
DNA binding activity (Ghosh et al., 1998).

We have shown previously that oxidative stress promotes
nuclear translocation and binding of NF-�B to an upstream
consensus sequence and promotes A1AR gene activity (Nie et
al., 1998). We observed increases in NF-�B activity as early
as 30 min following exposure of DDT1 MF-2 cells to pertussis
toxin, a time point not associated with ADP ribosylation of
Gi. Exposure to B-oligomer, which produced no significant
uncoupling of the A1AR from Gi at the concentrations used,
also activated NF-�B and increased A1AR. Thus, activation

of NF-�B and increase in A1AR by pertussis toxin is indepen-
dent of ADP ribosylation of G proteins.

Unlike our findings, Ishibashi and Nishikawa (2003) re-
ported activation of NF-�B in human bronchial epithelial
cells following B. pertussis infection, but an abrogation of
NF-�B activity following exposure to the purified pertussis
toxin. Furthermore, Iordanskiy et al. (2002) showed inhibi-
tion of NF-�B by B-oligomer subunit of pertussis toxin in
U-937 promonocytic cells. However, our results corroborate
those of Tonon et al. (2002), who showed activation of NF-�B
in monocyte-derived dendritic cells by a mutant form of per-
tussis toxin devoid of ADP-ribosylating activity.

Several pieces of evidence support a role of Ca2� in the
activation of NF-�B. In neurons, for example, intracellular
Ca2� maintains the basal activity of NF-�B (Lilienbaum and
Israel, 2003), whereas a rise in intracellular Ca2� by gluta-
mate promotes NF-�B activation (Mattson and Camandola,
2001). Similarly, oxidant stress in the endoplasmic reticulum
stimulates NF-�B by increasing Ca2� levels within the cell
(Pahl and Baeuerle, 1996). Oxidant challenge in Jurkat T
cells and Wurzburg cells activated NF-�B via an increase in
intracellular Ca2� release (Sen et al., 1996). Our findings
suggest a similar role of intracellular Ca2� in the activation
of NF-�B by pertussis toxin and B-oligomer in DDT1 MF-2
cells. A similar rise in intracellular Ca2� levels was demon-
strated by pertussis toxin/B-oligomer in platelets and T lym-
phocytes and results from interaction with specific receptors

Fig. 4. Activation of NF-�B by pertussis toxin mediates the induction in A1AR expression. A, cells were treated with pertussis toxin (100 ng/ml) for
0.5 h, and nuclear extracts were prepared and were used for assessing NF-�B activity by electrophoretic mobility shift assays. For supershift assays,
nuclear preparations were incubated with 2 �g of p50 or 2 �g of p65 polyclonal antibody prior to performing electrophoretic mobility shift assays, and
the supershifted bands are identified as bands with apparent higher molecular weights (see arrow). A labeled Oct-1 primer was used for normalization
of the data. B, levels of p50 and p65 subunits in the nucleus following a 30-min exposure of cells to pertussis toxin was identified by Western blotting
and normalized by �-actin. C, increase in A1AR by pertussis toxin was inhibited by pretreating cells with 50 �M PDTC, an inhibitor of NF-�B. Cells
were exposed to their respective treatment groups for 12 h, and plasma membrane fractions were used for antagonist [3H]DPCPX radioligand binding.
�, p � 0.05, statistical significant difference from control. ��, p � 0.05, statistical significant difference from cells treated with pertussis toxin alone.
D, A1AR immunolabeling was performed on the cells following indicated treatments, and fluorescence was visualized using a confocal microscope at
200-fold magnification. Image is a representative of a set of at least three independent experiments performed under similar conditions.
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such as glycoprotein 1b (Sindt et al., 1994) and CD3 (Gray et
al., 1989), respectively.

One of the downstream signaling molecules involved in the
Ca2�-mediated activation of NF-�B is PKC. Pertussis toxin
activates phospholipase C in platelets (Banga et al., 1987)
and could therefore conceivably activate PKC in DDT1 MF-2
cells. PKC phosphorylates and activates I�B kinase complex
and thereby promotes the phosphorylation and degradation
of I�B-� (Moscat et al., 2002), a prerequisite for translocation
of NF-�B homo- and heterodimers to the nucleus. PKC has
also been shown to be involved in LPS-induced NF-�B acti-
vation in neutrophils (Asehnoune et al., 2005). B cells iso-
lated from the PKC-�-deficient mice show a defect in the I�B
kinase complex phosphorylation and decreased NF-�B acti-
vation (Saijo et al., 2002).

Another mechanism by which a rise in intracellular Ca2�

couples to activation of NF-�B involves activation of cal-
cineurin. This is suggested from studies in dendritic cells
that show that LPS-stimulated NF-�B activation is mediated
through a Ca2�- and a cyclosporine A-sensitive pathway
(Lyakh et al., 2000). Our data indicate attenuation of B-
oligomer activation of NF-�B by inhibiting PKC, supporting a
role of this kinase in this process. However, inhibition of

calcineurin by cyclosporine A failed to have any effect on the
B-oligomer-mediated NF-�B activation (data not shown). The
lack of complete inhibition of NF-�B or induction in A1AR by
BAPTA or BIM may indicate incomplete inhibition of intra-
cellular Ca2� release or PKC activity, respectively, by the
concentrations of these agents used in this study. Another
possibility is that other pathway(s), in addition to these two
outlined, promote the activation of NF-�B. A third possibility
is that increases in intracellular Ca2� release and PKC acti-
vation are occurring simultaneously and not sequentially, as
would be expected if the increase in intracellular Ca2� pro-
motes activation of PKC.

Adenosine has been implicated in various lung pathologies,
including asthma and chronic obstructive pulmonary dis-
ease. The levels of adenosine are elevated in bronchial lavage
samples obtained from asthmatics. Furthermore, inhalation
of adenosine promotes bronchoconstriction in the asthmatics
but not in nonasthmatics. One of the targets of adenosine
includes the A1AR on bronchiolar smooth muscle (Abebe and
Mustafa, 1998). B. pertussis adheres to the epithelial cell
lines derived from the human respiratory tract. Infection
with this organism is associated with bronchopneumonia and
increased airway mucus secretion. The elaboration of �-oli-

Fig. 5. B-Oligomer increases NF-�B-dependent A1AR expression independent of receptor-Gi uncoupling. A, DDT1 MF-2 cells were exposed to different
concentrations of B-oligomer for 0.5 h. Nuclear fractions were obtained, and electrophoretic mobility shift assays were performed as described under
Materials and Methods and normalized to Oct-1 DNA binding activity. The data indicate a dose-dependent increase in NF-�B activation, starting with
1 nM B-oligomer. B, B-oligomer-mediated NF-�B activation was also determined by assessing the degradation of I�B-�. Cells were treated with 1 nM
B-oligomer for indicated time points, and whole-cell lysates were used for Western blotting to determine the levels of I�B-� protein. The data indicate
maximal decrease in I�B-� levels by 20 min with partial recovery by 30 min. Bar graphs show the levels of I�B-� normalized to �-actin levels. C and
D, plasma membranes obtained from control cells and those treated with B-oligomer (1 nM) for different time periods were used in [3H]DPCPX and
125I-AB-MECA binding assays. The data represent the mean � S.E.M. of at least three independent experiments. Although [3H]DPCPX binding
showed a time-dependent increase, no significant change in the agonist radioligand binding was observed over the 12-h treatment with B-oligomer,
indicating no receptor uncoupling during this period. Inset, treatment of cells with B-oligomer for 6 h did not affect the R-PIA-stimulated ERK1/2
phosphorylation. Labels 1 to 4 represent control, R-PIA (1 �M), B-oligomer (1 nM), and B-oligomer � R-PIA, respectively. E, immunocytochemistry
for the A1AR was performed on cells that were untreated, treated with B-oligomer for 12 h, or pretreated with PDTC for 30 min, followed by B-oligomer
for 12 h. Rhodamine-labeled A1ARs were visualized by confocal microscopy at 200-fold magnification.
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gomer and other bacterial components could trigger induc-
tion of NF-�B-dependent genes. The induction of the A1AR
and other NF-�B regulated inflammatory proteins in the
airway may contribute to the pathogenesis of the disease.
Furthermore, activation of a similar NF-�B-dependent path-
way by other bacterial toxins could trigger production of
A1AR and inflammatory cytokines and promote inflamma-
tion of the respiratory tract.

In summary, our data indicate that pertussis toxin uncou-
ples the A1AR from its coupling protein, leading to an in-
crease in the affinity of the receptor for antagonist radioli-
gand and induction of the A1AR through activation of NF-�B.
Although the increase in antagonist affinity is dependent on
ADP ribosylation of Gi, the activation of NF-�B appears
independent of this G protein modification. Induction of NF-
�B-dependent genes following treatment of cultures with

Fig. 6. B-Oligomer activates NF-�B by in-
creasing intracellular Ca2� release. A, DDT1
MF-2 cells were exposed to vehicle or 1 nM
B-oligomer for 15 min, and intracellular
Ca2� release was determined by Fluo-4AM (5
�M) using confocal microscopy. Phase im-
ages are presented on the right. B, DDT1
MF-2 cells were pretreated with vehicle or 20
�M BAPTA-AM for 30 min prior to the treat-
ment with B-oligomer prior to determining
NF-�B activity by electrophoretic mobility
shift assays. Bottom, blots were quantitated
by densitometric scanning and normalized to
Oct-1. C, [3H]DPCPX radioligand binding
was performed on membrane preparations
obtained from control cells and those treated
with B-oligomer (1 nM), BAPTA-AM, or B-
oligomer � BAPTA-AM. The data are pre-
sented as the mean � S.E.M. of four indepen-
dent experiments. Asterisks represent the
statistical significant difference (p � 0.05). �,
significant difference from control; ��, signif-
icant difference from B-oligomer alone.

Fig. 7. Inhibition of protein kinase C attenuates the responses to B-oligomer. A, cells were pretreated with vehicle or with 1 �M BIM for 30 min,
followed by administration of 1 nM B-oligomer. Nuclear preparations were obtained and used for electrophoretic mobility shift assays. Bottom, bar
graphs show inhibition of B-oligomer stimulated NF-�B activation by BIM. Data are presented as the mean � S.E.M. of three independent
experiments. B, [3H]DPCPX binding assays were performed on plasma membranes prepared from cells treated with vehicle, B-oligomer (1 nM), BIM
(1 �M), or BIM � B-oligomer. Data represent mean � S.E.M. of four independent experiments. �, p � 0.05 significant difference from control. ��, p �
0.05 significant difference from B-oligomer.
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pertussis toxin to effect ADP ribosylation could complicate
the interpretation of experimental data.
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