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Lidocaine Enhances G�i Protein Function
Claudia Benkwitz, M.D.,* James C. Garrison, Ph.D.,† Joel Linden, Ph.D.,‡ Marcel E. Durieux, M.D., Ph.D.,§
Markus W. Hollmann, M.D., Ph.D.�

Background: Local anesthetics inhibit several G protein–cou-
pled receptors by interaction with the G�q protein subunit. It is
not known whether this effect on G protein function can be
extrapolated to other classes of G proteins. The authors inves-
tigated interactions of lidocaine with the human adenosine 1
receptor (hA1R)–coupled signaling pathway. Activated A1Rs
couple to adenylate cyclase via the pertussis toxin sensitive G�i

protein, thereby decreasing cyclic adenosine monophosphate
formation. A1Rs are widely expressed and abundant in the
spinal cord, brain, and heart. Interactions of LAs with the hA1R-
coupled transduction cascade therefore might produce a broad
range of clinically relevant effects.

Methods: The function of hA1Rs stably expressed in Chinese
hamster ovary cells was determined with assays of cyclic aden-
osine monophosphate, receptor binding, and guanosine
diphosphate/guanosine triphosphate �35S exchange by using
reconstituted defined G protein subunits. Involvement of phos-
phodiesterase and G�i was characterized by using the phospho-
diesterase inhibitor rolipram and pertussis toxin, respectively.

Results: Lidocaine (10�9–10�1 M) had no significant effects on
agonist or antagonist binding to the hA1R or on receptor–G
protein interactions. However, cyclic adenosine monophos-
phate levels were reduced significantly to 50% by the LAs, even
in the absence of an A1R agonist or presence of an A1R antag-
onist. This effect was unaffected by rolipram (10 �M), but abol-
ished completely by pretreatment with pertussis toxin, which
inactivates the G�i protein. Therefore, the main target site for
LAs in this pathway is located upstream from adenylate cyclase.

Conclusions: Lidocaine potentiates G�i-coupled A1R signaling
by reducing cyclic adenosine monophosphate production. The
study suggests an interaction site for LAs in a G�i-coupled sig-
naling pathway, with the G�i protein representing the prime
candidate. Taken together with previous results showing inhib-
itory LA interactions on the G�q protein subunit, the data in the
current study support the hypothesis that specific G protein
subunits represent alternative sites of LA action.

ALTHOUGH local anesthetics (LAs) are considered pri-
marily Na�-channel blockers and are traditionally used
for local and regional anesthesia or antiarrhythmic treat-
ment, they exert significant effects in other clinical set-
tings. These alternative actions cannot be attributed pri-
marily to Na�-channel blockade, but result most likely
because LAs interact with other cellular systems.1–4 Such
effects range from neuroprotection, reduction of hyp-
notic requirements, and inhibition of bronchial hyperre-
sponsiveness, to the treatment of tinnitus, migraine, and
pruritus. Of particular interest are reports indicating that
LAs modulate the inflammatory response. In vivo they
reduce reperfusion injury in the brain, lung, and heart.
Systemically or topically applied LAs were shown to be
effective in the treatment of inflammatory diseases of the
gastrointestinal tract5,6 and to shorten the duration of
postoperative ileus in patients undergoing abdominal
surgery.7,8 Furthermore, LAs were reported to reduce
microvascular permeability, a property that could ac-
count for the therapeutic effects of topically or system-
ically applied LAs in cases of peritonitis and severe
burns. LAs were also attributed to antithrombotic ef-
fects, because epidural anesthesia is known to reduce
postoperative thromboembolic complications.9–11 Even
effects that have been classically considered to result
from Na�-channel blockade (e.g., antiarrhythmic, nega-
tive inotropic, and cardiotoxic LA effects) in part might
result from interactions at other targets.12,13

Unfortunately, the molecular mechanisms behind
these alternative and potentially beneficial LA effects are
poorly understood. In addition to the well-characterized
Na�-channel block (EC50, 50–100 �M), LAs show a vari-
ety of molecular effects at concentrations obtained rou-
tinely in clinical practice,1 including inhibitory actions
on ion channels14–17 and on several Ca-signaling G pro-
tein–coupled receptors, such as lysophosphatidate,18–20

thromboxane,21,22 platelet-activating factor,23 prosta-
glandin E2,24 and muscarinic m1 and m3 receptors.25,26

Recent investigations from our laboratory have shown
that the inhibitory actions of LAs on G protein–coupled
signaling cascades take place at different locations: on
the extracellular and intracellular domains of the recep-
tor and intracellularly on the G protein itself. For some
signaling pathways (e.g., lysophosphatidate and musca-
rinic m1 and m3 signaling), extracellular and intracellu-
lar effects were superadditive. This resulted in half-max-
imal inhibitory concentrations for LAs in the nM range
(i.e., 1,000-fold less than those required for neuronal
Na�-channel blockade).19,25–27 In contrast to the vari-
able extracellular actions of LAs (most likely explained
by the highly diverse structures of the different recep-
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tors studied), intracellular inhibition of these signaling
pathways by LAs is similar among these receptors and
depends on the G�q protein subunit.27 For example, the
angiotensin1A receptor, which couples to G�o and G�14

(but not G�q) in the same system (Xenopus oocytes), was
found not to be affected by LAs.18 These findings suggest
that direct interactions of LAs with specific G proteins
might represent an important alternative LA action.

Based on amino acid homology, at least three other G
protein subfamilies, in addition to the G�q family, have
been identified so far, coupling to different receptors
and effector structures and exhibiting different activities.
These additional subfamilies include G12, the cholera
toxin-sensitive G�s family (G�s and G�olf), and the per-
tussis toxin (PTX)–sensitive G�i (G�i and G�o).28 So far
no data exist on interactions of LA with other families of
G proteins. We therefore investigated the effects of lido-
caine on the human adenosine 1 receptor (hA1R), which
couples to the G�i protein. This pathway was chosen for
several reasons. First, G�i is structurally and functionally
completely different from the G�q family, making it an
interesting target for comparison. Second, hA1Rs couple
(via G�i) to adenylate cyclase, thereby reducing cyto-
plasmic cyclic adenosine monophosphate (cAMP) lev-
els29 (fig. 1), and LA effects on the complete hA1R
signaling cascade can be studied conveniently by cAMP
assays in A1R-transfected Chinese hamster ovary (CHO)
cells. CHO cells represent one of the most commonly
used and well-characterized cellular models. This cell
line has been used extensively for the expression of
numerous receptors, including the adenosine receptor
by us and others.29–37 Third, of the four G protein–
coupled adenosine receptors cloned thus far, the A1R is
best suited for studies of reconstitution with recombi-
nant G protein subunits,30 allowing for detailed investi-
gation of LA effects on specific G protein functions.
Fourth, A1R is the best characterized member of the

purinergic receptor family. It is expressed widely, but
predominantly in the brain, spinal cord, and heart.38 Its
activation has been implicated in a great variety of phys-
iologic functions, including sedation, anticonvulsant ac-
tivity, analgesia, and neuroprotection, and it is associated
with negative chronotropic, dromotropic, and inotropic
responses.39 Possible interactions with local anesthetics
therefore might be of clinical relevance.

We addressed the following questions: Does lidocaine
modulate the hA1R-coupled signaling pathway? What are
the LA interaction sites? Our findings indicate that lido-
caine potentiates the hA1R signaling pathway by facili-
tating the ability of activated G�i to inhibit adenylate
cyclase. In view of the inhibitory actions of LAs on G�q,
this demonstrates that LA modulation of G protein func-
tion shows subfamily dependence. This in part may
provide the molecular basis for some of the alternative
clinical effects of LA, which cannot be attributed primar-
ily to Na�-channel blockade.

Methods

cDNAs, Expression Vector, and Cell Model
Human A1R cDNA was subcloned into the pDouble-

Trouble vector, and CHO-K1 cells were transfected as
described previously, using the calcium phosphate pre-
cipitation method.40 Forty-eight hours after the transfec-
tion, cells were reseeded in Dulbecco’s Modified Eagle
Medium with nutrient mixture F12 (DMEM/F12 1:1)
supplemented with 10% (v/v) fetal calf serum and with 2
mg/ml G-418. Transfected clones were selected by virtue
of their viability in the neomycin analogue G-418 and
carried in 0.6 mg/ml G-418. Expression of the receptors
was verified by ligand binding and adenylate cyclase
assays (see Adenylate Cyclase Assays section).

Cell Culture
CHO-K1 cells stably transfected with the hA1R were

routinely cultured in DMEM/F12, supplemented with
10% (v/v) fetal calf serum, penicillin (100 U), streptomy-
cin (100 �g/ml), and 0.6 mg/ml G-418. Cells were grown
at 37°C in a humidified 5% CO2/95% air atmosphere and
subcultured two or three times weekly using trypsin
(0.05% w/v)/ethylenediaminetetraacetic acid (EDTA)
(0.02% w/v).31

Adenylate Cyclase Assays
For the measurement of hA1R-mediated cAMP accu-

mulation, cells were grown as a confluent monolayer in
200-ml flasks. The culture medium was discarded, and
the cells were washed once with phosphate-buffered
saline (PBS) and then incubated in 5 ml PBS with 5 mM

EDTA for 5–10 min. Dissociated cells were transferred to
30 ml PBS and centrifuged for 3 min at 1,000 rpm. The
cell pellet was resuspended at a density of 100,000
cells/200 �l in N-(2-hydroxyethyl)piperazine-N-'(2-eth-

Fig. 1. A schematic diagram of the adenosine 1 receptor–cou-
pled signaling pathway with receptor, G protein cycle, and
effector. Binding of G�i reduces adenylate cyclase (AC) activity
resulting in decreased cyclic adenosine monophosphate
(cAMP) synthesis (cAMP2). Bold black arrows indicate poten-
tial interaction sites of lidocaine with this pathway. AMP �
adenosine monophosphate; GDP � guanosine diphosphate;
GTP � guanosine triphosphate; PDE � phosphodiesterase; Pi �
phosphate; PKA � cAMP-dependent protein kinase.
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anesulfonic acid) (HEPES) (20 mM, pH 7.2), buffered
DMEM/F12 containing 1 U/ml adenosine deaminase
(ADA). Cells were allowed to recover for 30 min at room
temperature. Drugs were added in a volume of 0.05 ml
medium containing 1 U/ml ADA, the adenylate cyclase
activator forskolin (final concentration, 10 �M), and, in
some experiments, the phosphodiesterase inhibitor roli-
pram (final concentration, 10 �M). Incubation continued
for 10 min in a 37°C shaking water bath, and then
reactions were stopped by adding 0.5 ml 0.15 N HCl.
Tubes were centrifuged for 10 min at 5,000 rpm and
0.5 ml was removed for measurement of cAMP levels, by
the University of Virginia Diabetes Core Lab, using a
radioimmunoassay method as described by Harper and
Brooker.41 Cells used for cAMP determination had a
viability of more than 95% as assessed by the exclusion
of trypan blue.

Membrane Preparation for Binding Experiments
and Guanosine Diphosphate/Guanosine
Triphosphate �35S Exchange Assays
Cells from at least 10 confluent dishes (20 cm in

diameter) were washed twice with ice cold PBS, scraped
into ice cold buffer A (10 mM HEPES, 10 mM EDTA,
0.1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluo-
ride, and 2 �g/ml each of leupeptin, pepstatin A, and
aprotinin, pH 7.4), and homogenized. The homogenate
was centrifuged at 34,000g for 20 min at 4°C and then
washed three times in ice cold buffer HE (10 mM HEPES,
1 mM EDTA, 0.02% [w/v] NaN3, 0.1 mM benzamidine,
0.1 mM phenylmethylsulfonyl fluoride, and 2 �g/ml each
of leupeptin, pepstatin A, and aprotinin, pH 7.4). The
pellet was resuspended in HE buffer plus 10% (w/v)
sucrose at a concentration of 5 mg/ml, dounce homog-
enized, and stored in aliquots at �80°C.31 Protein con-
centration was determined by the Lowry method using
bovine serum albumin as the standard and by linear
regression.

Membrane preparations used for guanosine diphos-
phate (GDP)/guanosine triphosphate (GTP) �35S ex-
change assays were in addition treated with urea (i.e.,
urea stripped membranes) to remove all endogenous G
proteins of the CHO cells that would have interfered
with the reconstitution of A1R with recombinant G pro-
tein subunits. Cells were treated exactly as described in
the previous section, except that after the first centrifu-
gation step, cells were resuspended in HE buffer with
7 M urea and incubated 30 min on ice followed by
centrifugation at 142,000g for 30 min at 4°C. The pellet
was then washed three times and finally resuspended in
HE buffer plus 10% (w/v) sucrose. Aliquots at a concen-
tration of 5 mg/ml were stored at �80°C.

Binding Experiments
The levels of expression of A1Rs in stably transfected

CHO cells were determined in saturation binding exper-

iments using the specific A1R antagonist [3H]-8-cyclo-
pentylxanthine (CPX). Increasing concentrations of
[3H]-CPX (0.1–10 nM) were incubated with 20 �g of
membrane protein in a total volume of 100 �l HE buffer
(10 mM HEPES, 1 mM EDTA, 0.02% NaN3, and 1 U/ml
ADA, pH 7.4) for 90 min at room temperature. By using
a Brandel cell harvester (Brandel, Gaithersburg, MD),
membranes were collected onto Whatman GF/C glass
fiber filters by washing them three times with ice cold
binding buffer (10 mM Tris and 5 mM MgCl2, pH 7.4).
Radioactivity trapped on filters was measured by using a
scintillation counter (Beckman LS6500; Beckman
Coulter, Inc., Fullerton, CA). Nonspecific binding was
measured in the presence of 100 �M 8-cyclopentyltheo-
phylline (CPT). All reactions were performed in tripli-
cate. Specific binding was fit to a single-site binding
model using nonlinear curve fitting to calculate receptor
density expressed as the maximum binding capacity
(Bmax) and the dissociation constant Kd (Prism 3.0;
GraphPad Software, San Diego, CA).31

To investigate interactions of lidocaine with agonist or
antagonist binding, competition binding experiments
were performed. To determine interactions with specific
binding of the antagonist [3H]-CPX, membrane protein
aliquots (20 �g) were incubated with various concentra-
tions of lidocaine (10�9–10�2 M) and with [3H]-CPX
(2 nM) in a total volume of 100 �l HE buffer (10 mM

HEPES, 1 mM EDTA, 0.02% NaN3, and 1 U/ml ADA, pH
7.4) for 90 min at room temperature. Radioligand bind-
ing was determined as described in the previous section,
by using a cell harvester, glass fiber filters and by mea-
suring radioactivity in a scintillation counter. To deter-
mine interactions with specific binding of the agonist
[125I]-N6-aminobenzyladenosine ([125I]-ABA), 20 �g of
membrane protein was incubated with various concen-
trations of lidocaine (10�10–10�2 M) and with [125I]-ABA
[1 nM] in HE buffer (10 mM HEPES, 1 mM EDTA, 10 mM

MgCl2, 0.02% NaN3, and 1 U/ml ADA, pH 7.4) for 180
min at room temperature. Radioligand binding was again
determined as described in the preceding section for
[3H]-CPX, except that [125I]-ABA was counted dry in a
gamma counter.

Preparation of Recombinant G�i1�1�2

G�i and �� subunits were expressed using the bacu-
lovirus/Sf9 insect cell system and purified to homogene-
ity as described previously.42,43

Reconstitution of hA1R with G Proteins and
GDP/GTP �35S Exchange Assays
Urea stripped membrane protein (approximately

200 fmol measured as [3H]-CPX binding sites) was cen-
trifuged for 10 min at 12,000 rpm in a microcentrifuge at
4°C. The pellet was resuspended in 450 �l reconstitu-
tion buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA,
5 mM MgCl2, 0.1% bovine serum albumin, 1 �M adeno-
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sine-5'-[(�,�)-imido]triphosphate, 1 mM dithiothreitol,
and 1 U/ml ADA) and incubated 30 min on ice. After
30 min, G�i1 and �1�2 dimers and GDP were added, so
that the final concentrations in a volume of 500 �l were
as follows: 20 nM G�i1, 40 nM �1�2, 500 nM GDP. The
receptor–G protein mixture was incubated another
30 min on ice, followed by a 10-min equilibration at
25°C. The assay was started by the addition of 50 �l
reconstitution buffer containing GTP �35S (final concen-
tration, 7 nM). The ligand R-N6-phenylisopropylad-
enosine (final concentration, 100 nM) was added 8 min
later (t � 0). The reaction was stopped by removing
membrane aliquots for filtration through nitrocellulose
filters (HAWP-025; Millipore, Billerica, MA) at t � 2, 4, 6,
and 7.5 min. The wash buffer consisted of 10 mM Tris
and 5 mM MgCl2 (pH 7.4). Radioactivity trapped on filters
was measured using a scintillation counter (Beckman
LS6500).44

Analysis
Results are reported as mean � SEM. Student t test was

used to determine statistically significant differences be-
tween paired groups, with P � 0.05 considered signifi-
cant. Concentration–response curves were fitted to the
following function, derived from the Hill equation: y �
ymin � (ymax � ymin)[1 � xn/(x50

n � xn)], in which ymax

and ymin are the maximal and minimal response ob-
tained; n is the Hill coefficient; and x50 is the half-
maximal effect concentration (i.e., EC50 for an agonist
and IC50 for an antagonist). The slopes of the agonist-
induced GTP�S binding were calculated by using linear
regression (Prism 3.0).

Materials
Molecular biology reagents were purchased from Pro-

mega (Madison, WI), and other chemical reagents were
obtained from Sigma (St. Louis, MO). Cell culture re-
agents were from Gibco Life Technologies, Inc. (Grand
Island, NY), and radioligands were from NEN Life Sci-
ences Products (Boston, MA). Stock solutions of lido-
caine hydrochloride were freshly prepared in the re-
quired assay buffer and then diluted to the final
concentrations.

Results

Nontransfected CHO cells lack endogenous adenosine
receptors as determined by two criteria. First, A1R bind-
ing in control cells was indistinguishable from nonspe-
cific binding (data not shown). Second, no A1R-mediated
inhibition of adenylate cyclase was observed in control
cells (data not shown).

Expression of hA1R in CHO Cells
To use CHO cells stably expressing hA1R as a suitable

in vitro test system for LA effects on adenosine signaling,

two requirements were necessary: A1Rs had to be ex-
pressed in sufficient numbers, and they had to be func-
tional. We first determined the density of hA1R ex-
pressed in transfected CHO cells by radioligand binding
studies using the specific antagonist [3H]-CPX. In a range
from 0.1 to 10 nM, free drug specific binding was satu-
rable. The saturation curve and Scatchard analysis (fig.
2A) conform closely to a single-site model with a disso-
ciation constant Kd of 2.42 � 0.21 nM and a Bmax of
2,755 � 91 fmol/mg protein (n � 5), which confirmed
sufficient expression. We then addressed the question
whether transfected hA1 receptors were functionally
active. If so, binding of an agonist should result in a
decrease in cAMP (fig. 1). As shown in figure 2B, N6-
cyclopentyladenosine (CPA) (10�12–10�5 M), an hA1R
agonist, decreased cAMP formation in a concentration-
dependent manner. Fitting to the Hill equation yielded
an EC50 of 2.8 � 10�10 � 0.68 � 10�10 M. Maximal
cAMP reduction by 88.0 � 1.36% of baseline was ob-
tained with a concentration of 1 � 10�6 M. Next we
showed that addition of CPX (1 �M), a competitive an-
tagonist, shifts the concentration response curve signif-

Fig. 2. (A) Quantification of human adenosine 1 receptors by
characterization of [3H]-8-cyclopentylxanthine (CPX) binding to
membranes prepared from transfected Chinese hamster ovary
cells (20 �g protein/tube). Saturation isotherm and Scatchard
plot (inset) conform to a single-site model with a dissociation
constant, Kd, of 2.42 � 0.21 nM and a Bmax of 2,755 � 91 fmol/mg
protein. Nonspecific (NS) binding was measured in the pres-
ence of excess 8-cyclopentyltheophylline (100 �M). Each point
is the mean of triplicate determinations. Bound units for the
Scatchard plot are expressed as fmol per assay tube. (B) Human
adenosine 1 receptors expressed in Chinese hamster ovary cells
were functionally active, thus decreasing cAMP levels on bind-
ing of the agonist N6-cyclopentyladenosine (CPA) (10�12–10�5

M). In agreement with the action of a competitive antagonist,
addition of CPX (1 �M) resulted in a right shift of the dose–
response curve, increasing EC50 values nearly 1,000-fold.
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icantly to the right. EC50 for CPA in the presence of CPX
was almost 1,000-fold higher (1.06 � 10�7 � 0.83 �
10�7 M) (fig. 2B). Thus, CHO cells possess the appropri-
ate G�i protein to couple to the hA1R and use adenylate
cyclase as an effector. These results were in accordance
with previous findings.29–32,35

Lidocaine Enhances Adenosine 1 Receptor
Signaling
To determine whether lidocaine had any effect on the

entire A1R-coupled signaling pathway, we used cAMP
assays. Even in the absence of an agonist, lidocaine
(10�5–10�1 M) reduced cAMP levels in a concentration-
dependent manner with a calculated EC50 of 6.60 �
10�4 � 3.24 � 10�4 M (fig. 3A). Possible explanations of
this effect may be that lidocaine acts as an agonist at the
ligand binding site of the hA1 receptor or that it activates
the pathway further downstream at the receptor itself or
somewhere within the signaling cascade.

Lidocaine Is Not an hA1R Agonist
To characterize the underlying mechanism by which

lidocaine enhanced hA1R-coupled signaling, we studied
the inhibition of cAMP production by increasing concen-
trations of the hA1R agonist CPA (10�11–10�7 M) in the
absence and presence of lidocaine at approximately
EC50 (1 mM) (fig. 3B). Lidocaine significantly reduced

cAMP production to approximately 50% of baseline (P �
0.001) in the absence of CPA and in the presence of CPA
(10�11–10�10 M). Under control conditions (in the ab-
sence of lidocaine), cAMP concentrations range from
around 10–20 pmol/ml at CPA concentrations from
10�11–10�10 M, and they were reduced significantly to
5–10 pmol/ml in the presence of lidocaine (at the same
CPA concentrations). This shows the additional effect of
lidocaine on cAMP reduction and therefore its ability to
potentiate A1R signaling. At CPA concentrations greater
than 10�9 M, no additional effect of lidocaine was ob-
tained, most likely because of the already low level of
cAMP formation. The calculated EC50’s for CPA (1.12 �
10�10 � 0.22 � 10�10 M in the absence of lidocaine and
1.58 � 10�10 � 0.34 � 10�10 M in the presence of
lidocaine) did not differ significantly. In addition, lido-
caine maintained its inhibitory effect on cAMP formation
even in the presence of the A1R antagonist CPX, and at
similar EC50 (11.15 � 10�4 � 6.17 � 10�4 M) (fig. 3A).
Together, these findings suggest a site of action for
lidocaine separate from the agonist binding site.

We confirmed this finding using binding studies. Be-
cause agonist and antagonist binding kinetics differ, we
measured binding of the antagonist [3H]-CPX or the
agonist [125I]-ABA at their dissociation constant Kd, in
the presence of increasing concentrations of lidocaine
(10�10–10�2 M). Consistent with the functional data,
lidocaine affected neither antagonist (fig. 4A) nor agonist
(fig. 4B) binding to the hA1R significantly. At the func-
tionally determined EC50 (6.60 � 10�4 � 3.24 � 10�4

M), only insignificant inhibition of binding occurred,

Fig. 3. Lidocaine enhances human adenosine 1 receptor–cou-
pled signaling. (A) Lidocaine (10�5–10�1 M) reduced cAMP in a
concentration-dependent manner in the absence (ctrl) and in
the presence of the adenosine 1 receptor antagonist 8-cyclopen-
tylxanthine (CPX) at similar EC50s. (B) This inhibitory effect
was independent of the presence of an agonist: 1 mM lidocaine
reduced cAMP by 47.6 � 8.42% (lidocaine vs. control, **P <
0.001) at a concentration of N6-cyclopentyladenosine (CPA) of
10�10 M and by 52.1 � 5.96% (lidocaine vs. control, **P < 0.001)
in the absence of the agonist CPA.

Fig. 4. Lidocaine in increasing concentrations did not signifi-
cantly affect antagonist-specific binding (A) or agonist-specific
binding (B), making the ligand binding pocket as the target site
for the local anesthetic unlikely. [3H]-CPX � [3H]-8-cyclopentylx-
anthine; [125I]-ABA � [125I]-N6-aminobenzyladenosine.
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which cannot explain the highly significant reduction of
the cAMP levels. If anything, activation of hA1R signaling
at the receptor level should have become evident in an
increased binding of an agonist to the receptor rather
than a decreased binding. These results make an inter-
action of lidocaine with the agonist–antagonist binding
site highly unlikely. The site of action for lidocaine
within the G�i-coupled signaling pathway therefore
must be somewhere else at the receptor level or further
downstream in the signaling cascade.

Lidocaine Does Not Interfere with Receptor–G
Protein Coupling, GDP/GTP Exchange, or G�i/�1�2

Subunit Interaction
We next assessed lidocaine interference with A1R cou-

pling to the G�i protein, GDP/GTP exchange at the G�i

subunit, and interaction between G�i and the �1�2

dimers. For these experiments, the hA1R was reconsti-
tuted with pure G�i1 and �1�2 subunits, and agonist-
stimulated GTP �35S binding was measured as described
in the Materials and Methods section. The data illustrated
in figure 5 support the ability of G�i1 and �1�2 subunits
to couple to the hA1 receptor, as indicated by the
marked change in the rate of GTP �35S bound after
addition of 100 nM of the specific A1R agonist R-N6-
phenylisopropyladenosine. Because lidocaine (1 mM) did
not significantly alter the slopes of the curves of unstimu-
lated or R-N6-phenylisopropyladenosine–stimulated GTP
�S binding (fig. 5), we concluded that LAs do not affect
receptor–G�i protein coupling, GDP/GTP exchange, or
the interaction between G�i and �1�2 subunits.

Lidocaine Does Not Stimulate Phosphodiesterase
By adding the phosphodiesterase inhibitor rolipram

(10 �M) to cAMP assays, we examined whether the
significant reduction of cAMP levels by lidocaine was

because of a stimulating effect on phosphodiesterase,
which would lead to an accelerated breakdown of
cAMP. As expected, cAMP levels were increased in the
presence of the phosphodiesterase inhibitor. However,
rolipram had no effect on the lidocaine-induced cAMP
reduction, leaving its concentration–response curve (fig.
3A) and the EC50 (data not shown) unaffected. If lido-
caine’s cAMP reducing effects would have been caused
completely or partly by stimulation of phosphodiester-
ase, this effect should have been abolished or reduced
after the addition of rolipram. Thus, we can exclude
phosphodiesterases, or at least those inhibited by the
phosphodiesterase inhibitor rolipram, as a primary site
of action for lidocaine.

Lidocaine-induced Decrease in cAMP Levels Is
PTX-sensitive
In contrast, inhibition of cAMP formation by lidocaine

was completely abolished after 24 h incubation of trans-
fected CHO cells with PTX (1 �M). PTX inactivates the
G�i protein and excludes a site of action for lidocaine
downstream of the G protein in the signaling pathway.
Again, the addition of rolipram only increased cAMP
levels, but did not have any additional effect on the
action of lidocaine (fig. 6). These data therefore indicate
that stimulation of G�i function is the most likely cause
of lidocaine-induced decreases in cAMP levels.

Discussion

As part of our program investigating LA interactions
with G protein-coupled receptor signaling, we investi-
gated lidocaine effects on G�i protein function by using
the hA1R signaling cascade as a model. In contrast to
previous studies showing inhibitory actions of LAs on
G�q, lidocaine potentiates the hA1R signaling cascade,
most likely by enhancing G�i protein function. Lidocaine
did not significantly interact with the ligand binding site

Fig. 5. GDP/GTP �35S exchange assays using human adenosine 1
receptors reconstituted with �i1(20 nM)/�1�2(40 nM). Binding of
the adenosine 1 receptor agonist R-N6-phenylisopropylad-
enosine stimulates [35S]GTP �S binding to G�i and shows the
ability of reconstituted G�i1/�1�2 to couple to the human aden-
osine 1 receptor (open squares). Lidocaine (1 mM) was without
effect on receptor G protein interactions (open triangles), be-
cause both slopes did not differ significantly. Agonist-stimu-
lated GTP �35S binding and basal rates were determined using
linear regression. The data shown represent the average of
three experiments. GDP � guanosine diphosphate; GTP �35S �
�35S guanosine triphosphate.

Fig. 6. Lidocaine reduces cAMP production in a concentration-
dependent manner (squares). This effect was completely abol-
ished by preincubation of Chinese hamster ovary cells with the
G�i inhibitor pertussis toxin (PTX) (X’s), (control vs. PTX [1 �M],
*P < 0.001). Addition of the phospodiesterase inhibitor rolip-
ram resulted, as expected, in an increase of cAMP because of its
reduced breakdown. However, rolipram did not have any ef-
fects on the cAMP-reducing effects of lidocaine nor on the
effects of PTX (triangles).
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nor did the LAs affect the signaling pathway downstream
of the G�i protein.

Agonist and antagonist binding were inhibited only
marginally by high concentrations of lidocaine, making
the ligand binding pocket as target site for the LAs
unlikely. Nevertheless, the receptor as an additional tar-
get site for LA action cannot be excluded completely
because lidocaine may bind to extracellular receptor
domains other than agonist and antagonist binding sites
and hence allosterically activate A1R signaling. However,
one would expect this to result in altered receptor–G
protein coupling. Because lidocaine did not have any
effect on receptor–G protein interaction, as shown by
the GDP/GTP exchange assays, this possibility appears
less likely.

It is noteworthy that enhancement of G�i function did
not require the presence of an agonist (fig. 3). Endoge-
nous adenosine cannot have acted as an agonist, because
all endogenous CHO adenosine should have been inac-
tivated by ADA. Lidocaine even maintained its cAMP-
reducing effect in the presence of an A1R antagonist (fig.
3B). Taken together, these findings suggest that LA ac-
tion does not require the A1R. This hypothesis is sup-
ported by a study by Hirota et al.,34 who found that
lidocaine produced a concentration-dependent and nal-
oxone-insensitive inhibition of cAMP formation in non-
transfected CHO cells. The EC50 was 2.78 mM (1.63–
4.73 mM), similar to the EC50 found by us (660 �M–1.6
mM) (fig. 3A). However, Hirota et al. did not investigate
the mechanism underlying this finding. Our results sup-
port the hypothesis that lidocaine interacts directly with
the G�i protein, thereby leading to reduced cAMP for-
mation. As to the exact mechanism by which LAs en-
hance G�i function, several possible explanations can be
ruled out by the GDP/GTP exchange assay results: First,
LAs did not interfere with receptor–G protein coupling,
neither by increasing the affinity of the G protein for the
receptor, nor by enhancing uncoupling of the G protein
from the receptor. Second, LAs did not affect GDP/GTP
exchange at the G�i subunit. A direct activation of GDP-
bound G�i by lidocaine, for which the GDP/GTP ex-
change would be a prerequisite, can therefore essentially
be excluded or is highly unlikely. Third, LAs did not
affect interaction between G�i and the �1�2 dimers.
Instead, the results suggest that lidocaine interacts with
the pool of already activated G�i present in the cyto-
plasm and thereby facilitates its ability to inhibit adenyl-
ate cyclase. At least two potential explanations for this
facilitation of G�i activity may exist. First, LAs might
inhibit G�i-related GTPase activity. Inhibition of GTPase
activity could be a direct effect of LAs or could be the
result of inhibitory action of LA on GTPase-activating
proteins. Second, LAs might stabilize the G�i–adenylate
cyclase complex. Both mechanisms would prolong the
half-life of the activated G�i–GTP complex, resulting in
reduced cAMP formation. Future experiments in isolated

systems such as phospholipid vesicles, allowing recon-
stitution of the separate components being involved,
including the various adenylate cyclase isoforms, will be
necessary to define more precisely the interaction sites
and the exact molecular mechanism. A direct inhibitory
effect of lidocaine on adenylate cyclase can be excluded
because PTX completely abolished the effect of lido-
caine. The activated G�i present in the cytoplasm, even
in the absence of an agonist, could derive from at least
two sources. First, G protein–coupled receptors have
classically been viewed to have an inactive conformation
(R) that requires an agonist-induced conformational
change for receptor–G protein coupling and, thus, G
protein activation to occur. New evidence suggests,
however, a more complex two (or more)-state model, in
which receptors are in equilibrium between the inactive
conformation (R) and a spontaneously active state (R*).
Classic agonists serve as catalysts and increase the con-
centration of R*. An equilibrium between R and R*,
however, implies that at any time a certain proportion of
receptors are in the R* state that can couple to the G
protein, even in the absence of a ligand, thus resulting in
release of G�I–GTP into the cytosol. Second, GDP/GTP
exchange at the G�i subunit occurs to some extent, even
in the absence of receptor stimulation. This spontaneous
GDP release is reflected in our GDP/GTP �S exchange
assays as the basal rate (fig. 5).45,46

Potentiation of A1 adenosine signaling by lidocaine
independent of an agonist and receptor inevitably raises
two questions: Does lidocaine also enhance hA1R signal-
ing with an effector other than adenylate cyclase? Are
other G�i-coupled receptor systems affected in the same
way? A1Rs were originally characterized on the basis of
their ability to inhibit adenylate cyclase via the G�i

protein (fig. 1). Meanwhile, a number of other PTX-
sensitive effector mechanisms of A1Rs have been discov-
ered, including increases in K�-channel conductance,
decreases in Ca2�-channel conductance, and increases
or decreases in phospholipase C activity.33,39 Testing the
effects of LA on these effector systems would help to
further clarify the mechanism by which LAs enhance G�i

function and whether it depends on cAMP. If further
studies show that these effectors are also affected by
lidocaine in a PTX-sensitive, agonist-independent man-
ner, this would tremendously increase the number of
potentially clinically relevant signaling pathways that are
affected by LAs. A great number of receptors signal via
G�i proteins (e.g., �2-adrenergic, dopaminergic (D2, D3,
D4), m2 and m4 muscarinic, GABAB, and metabotropic
glutamate receptors).47,48 If lidocaine affects other G�i-
coupled signaling cascades in the same way as A1 sig-
naling, a number of relevant pathways may be affected.

We used lidocaine as a prototypical compound; it is
conceivable that other compounds might yield different
results. We also realize that our findings and those of
others34 might be biased by the in vitro test system used
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(CHO cells). However, lidocaine and other LAs (e.g.,
bupivacaine, mepivacaine, and ropivacaine) have all
been found (albeit with varying potencies) to reduce
cAMP levels in more physiologic preparations, such as
cardiomyocytes,13,49 erythrocytes,50 and lympho-
cytes.12,51 However, the underlying molecular mecha-
nisms were not investigated in detail or remained un-
clear. Some of the studies suggested the receptor as the
target, others the adenylate cyclase system. For example,
Roux et al.13 reported that the inhibitory effect of lido-
caine (up to 10 mM) on isoproterenol- and forskolin-
stimulated cAMP was reduced by 25% in the presence of
cholera toxin, but it was completely abolished in the
presence of PTX. The authors hypothesized that “lido-
caine’s interaction with the adenylate cyclase system”
could contribute to the antiarrhythmic and the negative
inotropic effects in vivo. However the mechanism un-
derlying this interaction with the adenylate cyclase sys-
tem was not further investigated. This issue may partly
be associated with the heterogeneous background of
these native cell preparations; for example, cAMP reduc-
tion might be the result of inhibition of G�s or enhance-
ment of G�i-coupled signaling. Nevertheless, these ob-
servations in other models make it unlikely that our
results simply represent an artifact of the transfection
system or a unique property of lidocaine. In any case,
additional experiments in various other physiologic
preparations will be necessary to further define our
findings and to test whether the data obtained with
lidocaine can be extrapolated to other LAs and to other
tissues.

The LA concentrations required to affect G protein
function may appear to be relatively high. However, it is
important to keep in mind that the concentrations of LA
used in clinical practice vary widely depending on the
method of application.52 After intravenous administra-
tion and similarly after epidural anesthesia, plasma con-
centrations in the low micromolar range are ob-
tained.53,54 In contrast, LA concentrations routinely
observed after topical application or tissue infiltration
are approximately 1,000-fold greater. Similarly, millimo-
lar LA concentrations are also present around the spinal
nerves after spinal or epidural administration of an
LA.1,2,55,56 Therefore, concentrations tested in our study
are well within the range of those obtained in vivo.
Interestingly, most in vitro studies require much greater
LA concentrations than in vivo studies, in which the
same or similar phenomenon often occurs at much
lower concentrations.2 Although not fully understood,
one reason for this discrepancy may well be that the
multitude of molecular targets present in a complex in
vivo system allows interactions of diverse LA effects,
which cannot be attained in a simplified in vitro system.
Thus, the previously mentioned cAMP-reducing effects
of various LAs in cardiomyocytes13,49 or lympho-
cytes12,51 may represent the result of blockade of �-ad-

renergic receptors, and enhancement of G�i function
and even inhibition of G�s.

Adenosine administered systemically or injected spi-
nally has been shown to exert long-lasting and significant
antinociception under conditions of neuropathic pain,
with no effect on acute pain.57,58 By using spinal nerve
ligation as a model for neuropathic pain, it was reported
that adenosine release in the spinal cord is stimulated
and results in increased G protein activity.59 Our findings
that lidocaine facilitates G�i function thus may in part
provide the molecular basis for the clinical application of
lidocaine therapy in chronic pain states associated with
hyperalgesia and allodynia.60 The combination of in-
creased adenosine levels in addition to lidocaine’s action
might result in cAMP concentrations sufficiently low to
provide antinociception.

In summary, our study shows that lidocaine interacts
with hA1R-coupled signaling, most likely by facilitating
G�i protein function. Expanding on previous findings,
our data suggest that LA action depends on the specific
G protein subunit affected and further support the hy-
pothesis that specific G proteins represent an alternative
target site of LA, separate from their well known actions
on the Na�-channel.
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