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Abstract

Ž .The binding of bradykinin BK to its B receptor results in a wide spectrum of biological effects including vasodilation,2

smooth muscle contraction and relaxation, pain, and inflammation. In order to gain a better insight into the physiological
function of this potent vasoactive peptide, murine models have been created by the use of gene insertion or deletion. The
results of studies using these strategies are revisited in the present article. In transgenic mice harboring the human BK B2

Ž .receptor cDNA cHBKR , expression of the transgene was identified in the aorta, brain, heart, lung, liver, kidney, uterus and
prostate gland by RT-PCR Southern blot analysis. These mice displayed an exaggerated hypotensive response to intra-aortic
injection of BK, whereas the blood pressure of knockout mice, homozygous for targeted disruption of the endogenous gene,
was insensitive to BK. Two transgenic mouse lines expressing the human BK B receptor showed a significant reduction of2

Ž .systolic tail-cuff blood pressure 84"1 mm Hg, ns28; 80"1 mm Hg, ns24; P-0.001 compared with the control
Ž . Žlittermates 97"1 mm Hg, ns52 . Systolic blood pressure was elevated in BK B receptor knockout mice 124"1 mm2
.Hg, ns38 . In heterozygous mice, systolic blood pressure was similar to that of controls until 5 month-old, then it raised to

the elevated levels of knockout mice at 7 months of age. Together these data indicate that kinins acting through the B2

receptor play a role in the development of the blood pressure phenotype. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Bradykinin BK exerts a wide spectrum of bio-
logical functions including vasodilation, pain and
inflammation. At the present, two receptor subtypes
for kinins are known: the B subtype, characterized1

by a higher affinity for des-Arg9 BK, and the B2

subtype, the most important receptor for BK under
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Ž .normal conditions Rhaleb et al., 1991 . Circumstan-
tial evidence based on the use of potent and selective
receptor antagonists indicates that BK, acting on the
B receptor, could play a role in the regulation of2

Ž .blood pressure Madeddu et al., 1995 . Recent ad-
vances in molecular biology has made it possible to
produce permanent changes in the gene encoding for
the BK receptor. Disruption of the BK B receptor2

gene has been obtained in mice by the methodology
of gene targeting via homologous recombination
Ž .Borkowski et al., 1995 . More recently, transgenic
mice harboring the human BK B receptor transgene2
Ž .RSV-cHBKR under the control of the Rous sar-
coma virus 3X-LTR promoter have been created
Ž .Wang et al., 1997 . In the present article, we review
the results of recent studies in which the above
mentioned murine models were used to ascertain the
role of BK in the regulation of blood pressure.

2. Material and methods

Knockout mice were provided by Merck Research
Ž .Laboratory Rahway, NJ . Gene targeting was per-

formed by transfecting embryonic stem cells derived
from 129SvrEv mice with a vector designed to
disrupt the entire coding sequence for the B recep-2

Žtor by homologous recombination Borkowski et al.,
.1995 . Injection of 129SvrEv embryonic cells, car-

rying the targeted mutation, into C57Blr6J blasto-
cysts, produced chimeric mice. They were mated
with 129Sv mice and only the offspring that were

Žheterozygous for the knockout thus having both sets
.of chromosomes of 129Sv origin were used for

subsequent mating to homozygousity. In homozy-
gous mice, disruption of the B receptor gene was2

confirmed by genetic, biochemical, and pharmaco-
logical analyses. The knockout mice were compared
with 129SvrJ and with heterozygous mice obtained
by breeding pairs of homozygous mice and wild type
controls.

Transgenic mice harboring the human BK B2

receptor cDNA under the control of the Rous sar-
coma virus 3X-LTR promoter were created by Chao

Ž .et al. Wang et al., 1997 . Expression of the trans-
gene was identified in the aorta, brain, heart, lung,
liver, kidney, uterus and prostate gland by RT-PCR
Southern blot analysis.

Mice were housed at constant room temperature
Ž . Ž .24 " 18C and humidity 60% with a 12-h
lightrdark cycle. All procedures complied with the
standards for the care and use of animal subjects as
stated in the Guide for the Care and Use of Labora-

Žtory Animals Institute of Laboratory Animal Re-
sources, National Academy of Sciences, Bethesda,

.MD .
Systolic blood pressure during development was

measured by the tail-cuff plethysmography method
in unanesthetized male mice. Tail-cuff systolic blood
pressure is defined as the inflation pressure at which
the pulse waveform becomes indistinguishable from
baseline noise. Calibration was performed with a
mercury sphygmomanometer.

The mean blood pressure response to intra-aortic
Ž .bolus injection of BK 3 nmolr100 g body weight

was evaluated in conscious male mice. Blood pres-
sure was measured by the use of an indwelling
femoral catheter connected to a Statham transducer.

All data are expressed as mean"SEM. Multi-
variate-measures ANOVA was used to test for inter-
action between time and grouping factor. Univariate
ANOVA was then used among groups and over
time. A P-value less than 0.05 was considered as
statistically significant.

3. Results and discussion

Clinical studies have shown that tissue kallikrein
Žlevels are reduced in essential hypertension Zinner

.et al., 1978 . Conversely, a dominant allele ex-
pressed as high urinary kallikrein excretion may be
associated with a decreased risk of essential hyper-

Ž .tension Berry et al., 1989 . In addition, a restriction
length fragment polymorphism of the rat tissue
kallikrein gene cosegregates with elevated blood

Ž .pressure levels Pravanec et al., 1991 . While these
studies indicate a correlation between kallikrein and
blood pressure, to our knowledge there is no infor-
mation regarding variants of the B receptor gene2

linked to hypertension. Unfortunately, linkage stud-
ies of complex diseases — such hypertension —
have limited power to detect genes of modest effect.
Inconsistency of studies performed in different popu-
lations appears to occur very frequently. For in-
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stance, the candidate gene encoding for angiotensin
converting enzyme was found to be associated to
hypertension in stroke-prone spontaneously hyper-

Žtensive rats by two different groups Hilbert et al.,
.1991; Jacob et al., 1991 , but was found not to

cosegregate with blood pressure in another study
Ž .Kreutz et al., 1995 . Among possible explanations
of this discrepancy, one important point is that the
blood pressure phenotype is usually examined at
fixed ages. This approach might preclude the obser-
vation of correlation if the gene penetrance is modest
andror long-term exposure to favoring environmen-
tal factors is needed for phenotype expression.
Therefore, developmental analysis could provide the
critical tool to unmask the correlations. Given the
length of the human life-span, developmental analy-
sis is more feasible to be performed in animal mod-
els.

Another limitation of segregation approach is that
failure to find a linkage between hypertension and
markers of candidate gene mutation is not conclusive
to exclude association between blood pressure and
the relevant gene. Conversely, a difficult problem
remains even when a candidate gene has been identi-
fied by segregation. In fact, correlation does not
necessarily imply a proof of causation.

These drawbacks led geneticists to use gene ma-
nipulation approach aimed to synthesize the pheno-

Žtype of interest either by gene targeting to disrupt
.existing information or by adding a suitable trans-

Žgene to enhance gene expression and the levels of
.gene product . The lack of function obtained by gene

knockout is informative in assigning primary causa-
tion, but rarely occurs in essential hypertension.
Indeed, only in a small percentage of hypertensive
patients, the disease state is due to defects in single
genes inherited as simple recessive Mendelian fac-

Ž .tors Lifton, 1996 . In the majority of cases, essential
hypertension is the result of combinations of genetic
variants less drastic than the absence of gene func-

Ž .tion. This implies that: 1 individually, each genetic
variation may not be sufficient to cause deviation

Ž .from normality, and 2 the disease phenotype of null
mutants might actually overestimate the contribution
of the candidate gene to hypertension. As indicated
in Table 1, the power and accuracy of the synthetic
approach can be enhanced in murine models by
evaluating the developmental changes of the pheno-

Table 1
How the power of a synthetic approach can be augmented

By introducing developmental analysis of the phenotype
By titrating gene dosage-effects
Ž .from null mutation to multiple copies of the relevant gene
By evaluating gene expression in animals with different
genetic backgrounds

Žtype and by titrating gene dosage-effects from null
.mutation to multiple copies of the relevant gene .

Fig. 1 cumulates data from two separate studies
performed by our group in mice with disruption of

Ž .the BK B receptor gene Madeddu et al., 1997 and2

by Wang et al. in transgenic mice expressing the
Ž .human B receptor gene Wang et al., 1997 . Wild2

type animals were also included as a reference. In
addition, heterozygous mice carrying only one copy
of the wild-type gene were studied. As shown in the
left panel of Fig. 1, intra-arterial injection of BK did
not produce any blood pressure change in the knock-
out mice, while in transgenic animals the blood
pressure fall was exaggerated as compared to wild-
type controls. The responses to exogenous BK were
inversely correlated with basal blood pressure levels
in the four groups examined, with transgenic mice
being hypotensive and the knockout mice hyperten-

Žsive as compared to wild-type controls Fig. 1, right
.panel .

Heterozygous animals carrying one copy of the
gene are important not only because they help under-
stand the effect of varying the number of functional
copies of the targeted gene but also because they
resemble more closely a condition of ‘‘partial defi-
ciency’’ that might occur in human hypertensive
patients. The vasodepressor response to BK was not
altered in these heterozygous animals, a finding that
is compatible with a great deal of redundancy or

Žspare capacity of the B receptor i.e., only a frac-2
.tion has to be occupied to elicit full response .

Consistently, the blood pressure of these animals was
not altered at 5 months of age as compared with
wild-type controls. However, the importance of ex-
amining the phenotype from early developmental
phases to complete maturation is outlined by the
finding that a progressive blood pressure elevation
was observed in heterozygous animals with aging
Ž .Fig. 2 . Thus, interactions between the gene encod-
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ŽFig. 1. Left panel shows the absolute mean blood pressure changes induced by an intra-aortic bolus injection of bradykinin 3 nmolr100 g
.body weight . Right panel shows the systolic blood pressure levels detected at 5 months of age under basal conditions. Only male mice were

Ž . Ž . Ž .studied: bradykinin B receptor knockouts yry, ns10 , heterozygous qry, ns10 , wild type controls qrq, ns10 , and2
Ž . Utransgenic mice carrying the human bradykinin B receptor gene Trans, ns24 . Values are mean"SEM. P-0.05 vs. knockouts,2

qP-0.05 vs. heterozygous, aP-0.05 vs. wild type mice.

ing for the BK B receptor and other genes or2

environmental factors might be developmentally reg-
ulated.

Although neither the transgenic nor the knockout
mice showed alterations in the expression pattern of

Žrenin and ACE genes Madeddu et al., 1997; Wang
.et al., 1997 , an enhanced sensitivity to exogenous or

endogenous angiotensin II has been demonstrated in
Ž .the knockouts Madeddu et al., 1997, 1998 . Interest-

Žingly enough, the null mutation i.e., the lack of the
.BK B receptor gene yields a similar hypertensive2

response to salt loading in two different colonies
Ž .Alfie et al., 1996; Madeddu et al., 1997 . However,
our study showed elevated blood pressure levels also
under normosmotic conditions and pressure sensitiv-
ity to exogenous angiotensin II, whereas this was not
the case in Alfie’s study. Although the two colonies

Žwere originated from the same source Merck Re-
.search Laboratory and although genetic analysis has

confirmed the disruption of the gene, it is still possi-
ble that unknown mutations have occurred in the

genetic background either in stocks provided by
Merck or in colonies established later in the two
laboratories. Searching for differences in genetic
background among substrains could be very informa-

Ž .Fig. 2. Age-related changes in systolic blood pressure SBP in
Ž .bradykinin B receptor knockouts triangles, ns38 , heterozy-2

Ž . Ž .gous squares, ns12 , and wild type controls circles, ns33 .
Values are mean"SEM. U P -0.05 vs. wild type mice, q P -

0.05 vs. heterozygous mice.
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tive to understand gene interactions, but it also repre-
sents a daunting task.

In conclusion, results obtained from studies on
transgenic and knockout animals support the hypoth-
esis that the binding of BK to the B receptor is2

important for the maintenance of blood pressure
homeostasis and encourages the search for functional
variants of the receptor in hypertensive patients.

Acknowledgements

This work was supported in part by grants from
the Minister of Universities, Scientific Research
ŽMURST, Area Science Mediche: il cuore insuffi-

.ciente, No. F07Cr1997-98 , and the National Insti-
Ž .tutes of Health grant HL 52196 . In addition, the

Ž .financial support of Telethon-Italy grant A105 is
gratefully acknowledged.

References

Alfie, M.E., Yang, X.P., Hess, F., Carretero, O.A., 1996. Salt-sen-
sitive hypertension in bradykinin B receptor knockout mice.2

Biochem. Biophys. Res. Commun. 224, 625–630.
Berry, T.D., Hasstedt, S.J., Hunt, S.C., Wu, L.L., Smith, J.B.,

Ash, K.O., Kuida, H., Williams, R.R., 1989. A gene for high
urinary kallikrein may protect against hypertension in Utah
kindreds. Hypertension 13, 3–8.

Borkowski, J.A., Ransom, R.W., Seabrook, G.R., Trumbauer, M.,
Chen, H., Hill, R.G., Strader, C.D., Hess, J.F., 1995. Targeted
disruption of a B bradykinin receptor gene in mice eliminates2

bradykinin action in smooth muscle and neurons. J. Biol.
Chem. 23, 13706–13710.

Hilbert, P., Lindpaintner, K., Beckmann, J.S., Serikawa, T.,
Soubrier, F., Dubay, C., Cartwright, P., De Gouyon, B., Julier,
C., Takahashi, S., 1991. Chromosomal mapping of two genetic

loci associated with blood-pressure regulation in hereditary
hypertensive rats. Nature 353, 521–529.

Jacob, H.J., Lindpaintner, K., Lincoln, S.E., Kusumi, K., Bunker,
R.K., Mao, Y.-P., Ganten, D., Dzau, V.J., Lander, E.S., 1991.
Genetic mapping of a gene causing hypertension in the
stroke-prone spontaneously hypertensive rats. Cell 67, 213–
224.

Kreutz, R., Hubner, N., Ganten, D., Lindpaintner, K., 1995.
Genetic linkage of the ACE gene to plasma ACE activity, but
not to blood pressure: a quantitative trait locus confers identi-
cal complex phenotypes in human and rat hypertension. Circu-
lation 92, 2381–2384.

Lifton, R.P., 1996. Molecular genetics of human blood pressure
variation. Science 272, 676–680.

Madeddu, P., Pinna Parpaglia, P., Demontis, M.P., Varoni, M.V.,
Fattaccio, M.C., Anania, V., Glorioso, N., 1995. Early block-
ade of the bradykinin B2 receptor alters the adult cardio-
vascular phenotype in rats. Hypertension 25, 453–459.

Madeddu, P., Varoni, M.V., Palomba, D., Emanueli, C., Demon-
tis, M.P., Glorioso, N., Dessi’-Fulgheri, P., Sarzani, R., Ana-
nia, V., 1997. Cardiovascular phenotype of a mouse strain
with disruption of bradykinin B -receptor gene. Circulation2

96, 3570–3578.
Madeddu, P., Milia, A.F., Salis, M.B., Gaspa, L., Gross, W.,

Lippoldt, A., Emanueli, C., 1998. Renovascular hypertension
in bradykinin B -receptor knockout mice. Hypertension 32,2

503–509.
Pravanec, M., Kren, V., Kunes, J., Scicli, A.G., Carretero, O.A.,

Simonet, L., Kurtz, T.W., 1991. Cosegregation of blood pres-
sure with a kallikrein gene family polymorphism. Hyperten-
sion 17, 242–246.

Rhaleb, N.E., Telemaque, S., Roussi, N., Dion, N., Jukic, D.,
Drapeau, G., Regoli, D., 1991. Structure-activity studies of
bradykinin and related peptides: B2-receptor antagonists. Hy-
pertension 17, 107–115.

Wang, D.Z., Chao, L., Chao, J., 1997. Hypotension in transgenic
mice overexpressing human bradykinin B receptor. Hyper-2

tension 29, 493–499.
Zinner, S.H., Margolius, H.S., Rosner, B., Kass, E.H., 1978.

Stability of blood pressure rank and urinary kallikrein concen-
tration in childhood: an eight-year follow-up. Circulation 58,
908–915.


