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SUMMARY
The munne BALB/c 3T3 fibroblast clone SV-T2 (3T3 cells) ex-
presses receptors for the nonapeptide bradykinin. In these cells,
bradykinin stimulates both inositol phosphate (lnsP) formation
and arachidonic acid release by independently activating phos-
pholipase C and phospholipase A2, respectively. These actions
of bradykinin are mediated by a receptor(s) coupled to pertussis
toxin-insensitive guanine nucleotide-binding proteins. Bradykinin-
stimulated increases in lnsP lead to the mobilization of intracel-
lular Ca2’�. We examined the expression of 3T3 receptors for
bradykinin in oocytes from Xenopus laevis, cells capable of in
vitro expression of foreign mRNA for receptors coupled to the
mobilization of Ca2�. Poly(A)� mRNA was prepared from 3T3

cells and expression of receptors for bradykinin was demon-
strated by agonist-mediated stimulation of 45Ca2� efflux from
oocytes injected with 50 ng of poly(A)� RNA. Bradykinin-stimu-
lated efflux of 45Ca2� was dose dependent (ECso 1 5 flM) and
blocked by the specific mixed B1 ,B2 bradykinin antagonist NPC
567 but not by the B1 antagonist desArg9[Leu8]bradykinin. Size
fractionation of 3T3 poly(A)� RNA on a sucrose gradient dem-
onstrated a single peak of bradykinin-stimulated 45Ca2� efflux,
with an approximate mRNA size of 4.5 kilobases. Bradykinin-
stimulated 45Ca2’ efflux in size-fractionated mRNA was clearly
separable from response to [Arg]vasopressin at another receptor
linked to lnsP formation and Ca2� mobilization in 3T3 cells.

Receptors for the nonapeptide bradykinin are widely distrib-
uted throughout mammalian tissues and have been shown to
mediate a number of specific responses including neurotrans-
mitten release, vasodilation, smooth muscle contraction, fluid
secretion, and pain (1-3). Two subtypes of bradykinin recep-

tors, termed B1 and B2, have been postulated, based on the
pharmacological discrimination of synthetic bradykinin ana-

logs in smooth muscle contraction assays (1). More recent
studies, however, have shown that this simple classification of

subtypes of bradykinin receptors cannot fully account for the

properties of these receptors on cells from a variety of tissues
(3). In some cells, bradykinin has been shown to cause increases

in InsP formation through the activation of phosphatidylino-
sitol-specific phospholipase C and subsequent mobilization of

intracellular Ca2�. In other cells, bradykinin appears to directly
activate phospholipase A2, resulting in the release of arachidon-
ate and subsequent synthesis of prostaglandin E2. Both of these

bradykinin-stimulated responses exist in Swiss albino mouse

3T3 cells and BALB/c (SV-T2) mouse 3T3 cells and have been
shown to involve receptors coupled to pertussis toxin-insensi-

tive G proteins (4, 5). Pharmacologically, however, receptors
for bradykinin on 3T3 cells belong to the B2 subtype (6).

1 Unpublished observations.

In the past few years, cDNAs for a number of receptors of

the G protein-coupled superfamily have been cloned. In partic-

ular, the demonstration of multiple transduction pathways and
molecular heterogeneity within the muscarinic (7), adrenergic

(8), and serotonergic classes of receptors (9) has emphasized

the inadequacy of classic pharmacological subtyping of recep-

tors. In general, fewer pharmacological subtypes have been

proposed for peptide receptors; however, the existence of mul-
tiple G protein-coupled transduction mechanisms for any single

peptide receptor suggests that a similar molecular heterogeneity
may exist. In an initial attempt to define the molecular basis

of the heterogeneity of receptors for bradykinin, we have ex-

pressed mRNA for these receptors from 3T3 cells in oocytes

from Xenopus laevis.

Materials and Methods

Cell culture. The munine BALB/c 3T3 fibroblast line SV-T2 was
obtained from the American Type Culture Collection (ATCC CCL
163.1) and grown in Dulbecco’s modified Eagle’s medium containing
4.5 g/liter glucose, 10% calf serum, 100 units/mi penicillin, 100 zg/ml
streptomycin, and 0.2 �g/ml fungizone (GIBCO). Cells were maintained
at 37’ in 10% CO2 in 10-cm tissue culture dishes.

Preparation of mRNA. Total RNA was isolated from 100 dishes
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of 3T3 cells, as previously described (10). When cells were 80% con-

fluent, they were washed once with 10 ml of phosphate-buffered saline,

pH 7.4, and lysed directly in the dishes in a buffer containing 5.5 M

guanidine th�ocyanate, 25 mM sodium citrate, 0.5% sodium lauryl

sarcosine, and 0.2 M 2-mercaptoethanol, pH 7.0 (GNTC solution).
DNA was sheared by three passes each through a 19-gauge and a 23-
gauge needle, and the final volume was adjusted to 240 ml. The GNTC

lysate was divided (-20 ml) and layered directly onto 17 ml of solution

containing cesium tnifluoroacetate and 0.1 M EDTA, pH 7.0, at a final
density of 1.51 g/ml. RNA was separated from DNA and cellular

proteins at 25,000 rpm in SW28 rotors for 23-24 hr at 15’. RNA pellets

were dissolved in 0.4 ml of 4 M GNTC solution, and total RNA was

precipitated in acetic acid and ethanol. After a second NaCl/ethanol

precipitation, poly(A)� mRNA was separated from total RNA by two

rounds of oligo(dT)-cellulose chromatography (11).

Size fractionation of mRNA was carried out as previously described

(12). mRNA (190 �g in sterile water) was heated to 65’ for 5 mm before

sedimentation through a 10-30% sucrose gradient containing 10 mM

HEPES, pH 7.5, 1 mM EDTA, and 0.1% lithium dodecyl sulfate.

Samples were centrifuged at 4’ for 18 hr in a Beckman SW41 rotor at

40,000 rpm (200,000 x g). Fractions (0.33 ml each) were collected and

maintained as 50% ethanol solutions at -80’. RNA was quantified

using a Beckman DU65 UV spectrophotometer (Aso unit = 40 �g/ml).

Sucrose gradient analysis was performed by measurement of refractive

index. The size distribution of mRNA in pooled density gradient

fractions was determined by denaturing agarose gel electrophoresis

(13). Approximately 75-100 ng of pooled mRNA from three fractions

were dried, resuspended in tracking dye containing 50% formamide,

and denatured at 95’ for 2 mm. Samples were immediately electropho-
resed in 1% agarose (SeaKem GTG; FMC BioProducts) containing 20

mM MOPS, pH 6.0, 5 mM sodium acetate, 1 mM EDTA, and 0.66 M

formaldehyde. RNA ladder markers, 0.24-9.5 kb (BRL), were visualized

by staining with 2 zg/ml ethidium bromide in sterile distilled water.

Gradient fractions and markers were transferred electrophoretically
onto Genescreen nitrocellulose paper (NEN), according to the manu-

facturer’s instructions. Fractions containing sized mRNA were visual-

ized by autoradiography after hybridization with a poly(dT)20 oligomer

that had been tailed with [32P]TTP (NEN), using terminal deoxynu-
cleotide transferase (Boehringer Mannheim), to a specific activity of

�-5.7 x i0� dpm4tg (14).

Oocyte injection and culture. Mature oocyte-positive female X.

laeuis were obtained from Nasco (Fort Atkinson, WI) and maintained

in aquatic culture. Animals were anesthetized by immersion in ice-cold

water for 15-20 mm and ovarian lobes were removed by abdominal

incision. The largest oocytes were isolated by manual dissection and

maintained in MBS containing 88 mM NaCl, 1 mM KC1, 2.4 mM

NaHCO3, 15 mM HEPES, 0.7 mM CaC12, and 0.8 mM MgSO4 supple-

mented with 5 mM sodium pyruvate, 10 �g/ml penicillin, 10 �g/ml

streptomycin, and 0.2 �cg/ml fungizone (15). After 18-24 hr at 18’,

viable oocytes were injected in the vegetal pole with either 50 nl of

sterile water or mRNA prepared from NaC1/ethanol precipitates from

individual (1.5 �g) or pooled fractions (3 x 500 ng) and resuspended in

sterile water to a final concentration of 1 �g/�l. Oocytes were stored in

MBS, which was changed daily until oocytes were assayed for “'Ca2�

efflux at the time indicated.

45Ca2� efflux assay. The determination of ““Ca2� efflux from in-

jected oocytes was performed, with minor modifications, as previously

described (16). Oocytes containing follicle cells were incubated in MBS

containing 20 MCi/ml 45Ca2� (41 Ci/g; NEN) for 18-24 hr. After washing
three times with MBS, groups of four oocytes were placed into 200 �l

of MBS in the wells of 96-well flat-bottomed plates. Using this proce-

dune, eight sets of oocytes could be simultaneously processed using an

eight-channel adjustable micropipette. Media (180 jzl) were collected

and replaced every 10 mm for 50 mm and then every 5 mm thereafter.

(In early experiments, 100 �tl were replaced at each time point, but this

was found to dilute the signal to an unacceptable level.) Bradykinin, 1

MM or as indicated, was added at the 80-, 85-, and 90-mm times. Basal

(control) release was defined as the mean release in the 65-, 70-, and

75-mm aliquots. Response to carbachol, 100 �oM or 1 mM, was measured

at 110 mm to assess viability of oocytes that did not respond to

bradykinin. Using this protocol, control 45Ca2� efflux ranged from 200
to 650 dpm in the various experiments. Radioactivity in each collected

aliquot was measured by liquid scintillation counting.

maP formation. Quantitation of InsP formation was performed

essentially as described (17). Oocytes were labeled 18-24 hr with 50

�iCi/ml myo-[3H}inositol. The oocytes were then washed three times

and incubated in MBS containing 10 mM LiC1 for 15 mm, after which

1 MM bradykinin was added for 15 mm. Incubations were terminated

by the addition of perchionic acid to 5% (w/v) and the disruption of

the oocytes with a pipette tip while incubating on dry ice. The solution
was extracted with 1: 1 trichlorotnifluoroethane/tni-n-octylamine, and

maPs were separated by high pressure liquid chromatography on a

strong anion exchange column (Beckman), using a linear gradient of

aqueous ammonium phosphate, pH 3.35, 0-0.6 M over 20 mm. Radio-

activity was detected with an on-line liquid scintillation monitor (Ra-

diomatic).

Results

Bradykinin-stimulated 45Ca2� efflux in oocytes. When

oocytes injected with 3T3 cell mRNA were 45Ca2� loaded,

washed, and incubated with 1 �zM bradykinin, a rapid efflux of

45Ca2� was observed (Fig. 1). This rapid phase of efflux (5-10

mm) was followed by a more prolonged phase of efflux lasting

up to 20 mm. Water-injected oocytes maintained a constant
basal efflux during this time that was unaffected by the addition

of bradykinin (data not shown). Both mRNA-injected and

control oocytes responded to the addition of 100 �zM to 1 mM

carbachol, indicating that endogenous muscarinic-stimulated

Ca2� mobilization was present. Bradykinin stimulated 45Ca2�
efflux in injected oocytes approximately 2-3-fold over basal

efflux. The magnitude of bradykinin-stimulated efflux was

proportional to the amount ofmRNA injected (data not shown).
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Fig. 1. Bradykinin stimulates 45Ca2� effiux from Xenopus oocytes injected
with 3T3 mRNA. Groups of four oocytes, injected with 50 ng of mRNA,
were incubated for 3 days in MBS, followed by an additional 12-18 hr in
the presence of 45Ca2�. Oocytes were washed in MBS without 45Ca2�
and periodic changes of MBS were made until basal 45Ca2� efflux did not
change (60 mm). At 75 mm, the indicated concentrations of bradykinin
(BK) and/or bradykinin analogs were added and 45Ca2� effiux was
measured in supematants collected at 5-mm intervals. #{149},bradykinin (1
�zM); L�, bradykinin plus desArg9[Leu8]bradykinin (1 �M each); 0, brady-
kinin (1 �M) plus NPC 567 (1 0 zM); 0, desArg9bradykinin (1 AM). At 110
mm, carbachol (100 �M; CCh) was added for 5 mm and 45Ca2� efflux
was measured to test for endogenous responsiveness. Data are from a
single experiment, representative of results obtained in four experiments
using three different mRNA preparations.
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Bradykinin-induced efflux was maximum on day 3 after mRNA

injection and rapidly deteriorated at later times (data not

shown). Thus, all data presented in this report were obtained

on day 3 after injection.
Properties of bradykinin receptors in ooeytes. Brady-

kinin receptors expressed in oocytes demonstrated properties

similar to those of receptors on 3T3 cells (Fig. 1). In contrast

to the stimulation of45Ca’� efflux produced by 1 �M bradykinin,

the B1-specific agonist desArg� bradykinin at 1 �tM did not elicit

45Ca2� efflux. Similarly, the B,-specific antagonist des-

Arg�[Leu8]bradykinin at 1 �tM did not block bradykinin-induced

45Ca2� efflux. Moreover, the B1,B2 antagonist NPC 567 at 10
�M nearly completely blocked bradykinin-induced 45Ca2� efflux.

Addition of bradykinin over a concentration range of 0.1 nM to

10 �M caused a dose-dependent increase in the magnitude of

the 45Ca’� efflux (Fig. 2). The concentration of bradykinin that
elicited half-maximal response (EC�) was 15 ± 1.1 nM (n = 3).
This concentration was somewhat greater than the EC� (0.5

nM) in 3T3 cells (4) and may have resulted from metabolism

of bradykinin by the follicular cells. This possibility was inves-
tigated by incubation of oocytes with bradykinin, followed by
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Fig. 2. Bradykinin stimulation of 45Ca2� effiux in injected oocytes is
concentration dependent. Top, oocytes, injected and incubated as de-
scnbed in Fig. 1 , were stimulated at 75 mm with the following concentra-
tions of bradykinin (BK) 0.1 n� (A), 1.0 n,�i (tx), 10 n� 4, 100 nM (0), 1
�M (#{149}),and 10 �tM (0). Supematants were collected at 5-mm intervals
and 45Ca2� efflux was measured. Response to carbachol (1 00 �; CCh)
was determined at 1 10 mm. Bottom, data from three experiments were
converted into a dose-response curve. Peak responses to different
concentrations of bradykinin were analyzed by nonlinear least-squares
regression analysis (Marquardt algorithm). The calculated ECse for stim-
ulation of �Ca2� efflux by bradykinin was 15 ± 1 .1 n�.

analysis of the supernatant for degradation using high pressure

liquid chromatography (18). Approximately 85% of 10 nM bra-

dykinin was recovered intact after a 5-mm incubation with

oocytes (data not shown). In addition, inclusion of 10 �

captopril did not alter the magnitude of 45Ca’� efflux elicited

by bradykinin (data not shown). Thus, in the absence of sig-

nificant degradation, this difference could reflect a potential

difficulty of bradykinin in traversing the follicle cells surround-

ing the oocytes or, perhaps, differences in agonist affinity due

to coupling of the expressed bradykinin receptor to endogenous

G protein(s) in the oocyte. 45Ca2� efflux experiments were
usually performed with the follicle cell layer intact, to preserve

the integrity of the oocytes during the many washes required

for the experiment. However, we observed bradykinin-stimu-

lated efflux whether or not the follicle cell layer was present.

Several calcium-mobilizing receptors expressed in oocytes
also increase InsP turnover in these cells (17, 19). When 3T3

mRNA-injected oocytes were prelabeled with [3H]inositol and

then exposed to 1 �M bradykinin for 15 mm, an increase in

[3H]Inositol-1,4,S-tnisphosphate was detected (Fig. 3). This re-

sponse was similarly blocked by NPC 567 (data not shown).

Size fractionation of 3T3 mRNA. Poly(A)� mRNA from

3T3 cells was subjected to sucrose density gradient (10-30%)

centrifugation to determine the size of the mRNA that encodes

functional receptors for bradykinin from 3T3 cells. RNA dis-

tnibuted over the entire gradient, with little aggregated material

present in the last fraction (Fig. 4, top). Starting with fraction

3, 500 ng from every three fractions were pooled, precipitated

by NaCl/ethanol, dried, and resuspended at 1 j�g/�d in sterile

distilled water for injection. Groups of oocytes (four each) were

injected with 50 nl each from the pooled fractions and assayed

for increases in 45Ca2� efflux elicited by 1 �M bradykinin (Fig.

4, bottom). A peak activity of bradykinin-stimulated 45Ca2�
efflux was observed in pooled gradient fractions 7-9, corre-
sponding to an average mRNA size range of 4-5 kb. This peak

of bradykinin-stimulated 45Ca2� efflux observed in the gradient

fractions was clearly separable from increases in 45Ca2� efflux

E
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Fig. 3. Bradykinin stimulates lnsP formation in Xenopus oocytes injected
with 3T3 mRNA. Oocytes were injected and incubated as in Fig. 1,
except that the final 12-1 8-hr incubation was carried out in the presence
of 50 ��Ci/ml myo-[3H]inositol. Oocytes were washed and then bradykinin
(1 �M; BK) was added. After 15 mm, [‘H]lnsPs were extracted and
separated by strong anion exchange high pressure liquid chromatogra-
phy. Quantitation was performed using an on-line flow-through scintilla-
tion detector. (lnsP1, inositol monophosphate; lnsP2, inositol bisphos-
phate.
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Fig. 4. Size fractionation of 3T3 cell mRNA produces a single peak of
bradykinin-stimulated 45Ca2� efflux activity in oocytes. Top, Poly(A)�-
selected RNA (1 90 �g) was fractionated by size over a 10-30% sucrose
gradient at 200,000 x g for 18 hr at 4#{176}.Fractions of 0.33 ml were
collected and assayed spectrophotometrically for RNA content (#{149}).An
Identical balance gradient was assayed for percentage of sucrose by
measurement of refractive index (- - -). Bottom, beginning with fraction
3, 500 ng from every three fractions were pooled, precipitated, and
resuspended in I �l of sterile distilled water for oocyte injection. Pool
fraction 1 2, representing only gradient fraction 36, contained aggregated
mRNA and was toxic to the oocytes. Groups of injected oocytes (four)
were assayed for stimulation of 45Ca’� efflux by 1 �iM bradykinin (U) or 1
�iM [ArgJvasopressin (#{149}),as described. Aliquots (75-100 ng) of pooled
fractions of 3T3 mRNA were electrophoresed under denaturing condi-
tions, transferred to nitrocellulose, and visualized by autoradiography
after hybridization with a [“P]TTP-tailed oligo(dT)�0 probe. Size deter-
mination of pooled fractions (- - -) was calculated relative to a 0.24-9.5
kb RNA ladder.

elicited by 1 MM [Argj-vasopressin at another receptor coupled

to InsP formation and Ca’� mobilization in 3T3 cells. Subse-
quent injection of oocytes with mRNA from pool 8 demon-

strated the specificity of this bradykinin-stimulated 45Ca2� ef-
flux (Fig. 5). The increase in 45Ca2� efflux produced by 1 MM

bradykinin was markedly attenuated in the presence of 10 MM

NPC 567.

Discussion

Bradykinin and the receptors that mediate its actions play a

prominent role in the body’s response to trauma and injury (1,

2). Cells in diverse tissues express bradykinin receptors, such
as fibroblasts (4), vascular endothelium (6), smooth muscle
(20), adipocytes (21), pituitary lactotrophs (22), secretory epi-
thelium (23), glomeruli (24), and kidney tubules (25). Appro-

priately, therefore, affects of bradykinin have been demon-

strated in blood pressure regulation, gut motility, parturition,

growth factor release from fibroblasts and white blood cells,

TIME (mmn)

Fig. 5. The specific bradykinin antagonist NPC 567 blocks bradykinin-
stimulated 45Ca2� effiux from oocytes injected with size-selected 3T3 cell
mRNA. Oocytes were injected with 50 ng each from peak pooled fraction
8 (Fig. 4, bottom) and incubated as described in Fig. 1 . 45Ca2� efflux was
measured in the presence of 1 MM bradykinin (#{149};BK) or 1 MM bradykinin
plus 10 MM NPC 567 (0). Response to 100 MM carbachol (CCh) was
determined at 110 mm.

vascular permeability, and lipid metabolism. The presence of

bradykinin in nervous tissue and of receptors for bradykinin in

the sensory fibers of nociceptive pathways suggests a central

role as a neurotransmitter as well (26, 27). To date, receptors
for bradykinin have been divided into two subtypes, B1 and B2,
based on the pharmacological discrimination of analogs of

bradykinin for a variety of physiological responses (1-3). More

recently a third subtype, B3, has been proposed (28). Studies

conducted with cultured cell models have elucidated at least

two mechanisms of transduction for bradykinin. In particular,
murine 3T3 cells express B,-type receptors for bradykinin that

stimulate both InsP formation and arachidonic acid release by

the independent activations of phospholipase C and phospho-

lipase A,, respectively (4).
B2 bradykinin receptors most certainly belong to the G

protein-coupled superfamily of receptors. In some cells, such as
the neuroblastoma x glioma NG1O8-15 hybrid (29) and the

neuroblastoma x dorsal root ganglion F-il hybrid (30), bra-

dykinin-stimulated activation of phospholipase C is blocked by

the addition of pertussis toxin. Receptors for bradykinin on

3T3 cells stimulate membrane GTPase activity and couple to

the activation of phospholipase C and phospholipase A, by

pertussis toxin-insensitive G proteins (4, 5).

Oocytes from X. laevis are well suited for the expression of

foreign mRNA for receptors that couple to G proteins that

activate phospholipase C (16, 17, 19). Xenopus oocytes with

follicle cells contain muscarinic receptors that, when occupied

by agonists, couple to G proteins (either G or G0) that are

present in mature oocytes (31) and activate phosphatidylino-

sitol-specific phospholipase C. Endogenous muscarinic recep-

tors or expressed receptors that activate phosphatidylinositol-
specific phospholipase C cause increases in InsP, in particular

InsP3, which mediates the release of Ca2� from intracellular
stores. Intracellular mobilization of Ca2� in the oocytes leads

to the activation of Ca’�-dependent C1 channels (19). Thus,
expression of receptors may be followed by measurements of
45Ca2� efflux or Cl ion conductance.

Using Xenopus oocytes injected with mRNA from 3T3 cells,

we have expressed receptors for bradykinin that stimulate
activation of phospholipase C, formation of InsP3, and release
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of intracellular Ca2�. Stimulation of uninjected oocytes with

bradykinin did not lead to formation of InsP or release of Ca’�.

In this study, we chose to use the SV-T2 3T3 cell line. This

line is derived from BALB/c mice and is pharmacologically

identical to Swiss albino mouse-derived 3T3 cells in its re-
sponses to bradykinin (32). However, SV-T2 3T3 cells express

about 3000 binding sites/cell (5), compared with 500 in Swiss
3T3 cells.’ In these cells, bradykinin and other nonselective

agonists stimulate InsP3 and prostaglandin synthesis, whereas

the specific B1 agonist desArg�bradykinin does not. Further-

more, mixed B,, B2 antagonists such as NPC 567 block brady-
kinin-induced effects, whereas the specific B, antagonist

desArg�[Leu8]bradykinin does not. Identical pharmacology was

observed for bradykinin-stimulated 45Ca2� efflux in oocytes

injected with 3T3 cell RNA. Thus, we have functionally ex-

pressed murine B2 bradykinin receptors in the oocytes.

When mRNA derived from 3T3 cells was fractionated on a

sucrose gradient, a single peak of specific bradykinin-stimu-

lated 45Ca2’� efflux was observed. The peak fraction of mRNA
containing this activity was approximately 4-5 kb in size. These

data suggest that the receptor for bradykinin coupled to acti-

vation of phospholipase C in 3T3 cells is encoded by a single

mRNA species. Sized mRNA encoding bradykinin receptors
was clearly separated from mRNA species. Sized mRNA encod-

ing bradykinin receptors was clearly separated from mRNA
(approximately 3-4 kb) for [Arg]vasopressin receptors on 3T3
cells, which stimulate 45Ca2� efflux in oocytes as well. Whether

a separate species of mRNA encoding receptors for bradykinin

that couple to the activation of phospholipase A2 is present in

these cells is currently under investigation. One intriguing
possibility is that 3T3 cells contain two distinct receptors for

bradykinin, each coupled to a different G protein that activates

either phospholipase C or phospholipase A2. Elucidation of

potential molecular heterogeneity of receptors for bradykinin
in these cells will help resolve previously published observations

on the discrepancies in their pharmacological classification (6).
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