Chronic Hypertension and Altered Baroreflex Responses in Transgenic Mice
Containing the Human Renin and Human Angiotensinogen Genes

David C. Merrill,l Mark W.Thompson,$ Cayla L. Carney,! Bruno P. Granwehr,** Gunther Schlager," Jean E. Robillard,$

and Curt D. Sigmund**

Departments of *Internal Medicine, *Physiology and Biophysics, $Pediatrics, and |Obstetrics and Gynecology, University of Iowa College
of Medicine, Iowa City, lowa 52242; and Division of Biological Sciences, Genetics Program, University of Kansas,

Lawrence, Kansas 66045

Abstract

We have generated a transgenic model consisting of both
the human renin and human angiotensinogen genes to
study further the role played by the renin-angiotensin sys-
tem in regulating arterial pressure. Transgenic mice con-
taining either gene alone were normotensive, whereas mice
containing both genes were chronically hypertensive. Plasma
renin activity and plasma angiotensin II levels were both
markedly elevated in the double transgenic mice compared
with either single transgenic or nontransgenic controls. The
elevation in blood pressure caused by the human transgenes
was independent of the genotype at the endogenous renin
locus and was equal in mice homozygous for the Ren-1° al-
lele or in mice containing one copy each of Ren-1¢, Ren-1¢,
or Ren-2. Chronic overproduction of angiotensin II in the
double transgenic mice resulted in a resetting of the barore-
flex control of heart rate to a higher pressure without signif-
icantly changing the gain or sensitivity of the reflex. More-
over, this change was not due to the effects of elevated
pressure itself since angiotensin-converting enzyme inhibi-
tion had minimal effects on the baroreflex in spontaneously
hypertensive BPH-2 control mice, which exhibit non-renin-
dependent hypertension. This double transgenic model
should provide an excellent tool for further studies on the
mechanisms of hypertension initiated by the renin—angio-
tensin system. (J. Clin. Invest. 1996. 97:1047-1055.) Key
words: renin—angiotensin system « high blood pressure e
transgenic mice « genetics « cardiovascular regulation

Introduction

The renin-angiotensin system (RAS)! is well recognized as an
important factor in the control of arterial pressure through nu-
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merous physiological, molecular biological, and molecular ge-
netic studies. The obvious nature of the RAS as a candidate
system for the etiology of hypertension has prompted a num-
ber of investigators to examine this system at the molecular bi-
ologic and molecular genetic level, and several important find-
ings have resulted from these studies. First, the levels of
mRNAs encoding renin, angiotensinogen, and angiotensin-
converting enzyme (ACE) are significantly altered in some tis-
sues of experimentally hypertensive and genetically hyperten-
sive rats when compared with their normotensive counterparts
(1-5). Second, centrally administered antisense oligonucle-
otides to angiotensinogen are effective in lowering blood pres-
sure in spontaneously hypertensive rats (6). Finally, genetic
studies have been reported that suggest that the renin, angio-
tensinogen, and ACE genes may be linked or associated with
blood pressure in humans and genetically hypertensive rats (7—
10). These data, along with studies demonstrating that ACE
inhibitors are effective antihypertensive agents even in pa-
tients or hypertensive animals with normal or low plasma re-
nin activity (11), suggest the RAS not only plays an important
role in blood pressure regulation in renin-dependent hyperten-
sive individuals but also in patients suffering from non-renin-
dependent hypertension.

The use of transgenic and other genetically manipulated
animal models created by gene targeting have become impor-
tant tools to unravel the complex interplay of genetic and envi-
ronmental influences causing essential hypertension in hu-
mans. Indeed, recent advances in our ability to record
reproducibly sophisticated physiological parameters in small
genetically manipulatable animals have helped to overcome
obvious constraints and limitations of performing genetic anal-
ysis in humans and should complement ongoing genetic stud-
ies on human populations. We have previously described two
transgenic mouse models that separately contain and express
the human renin (hRen) and human angiotensinogen (hAng)
genes in a tissue-specific manner (12, 13). In the present study,
we report the generation of a double transgenic mouse model
in which lifelong expression of both the hRen and hAng genes
results in chronic hypertension and altered arterial baroreflex
control of heart rate.

Methods

Experimental mice

Transgenic mice. Transgenic mice carrying both the hRen and hAng
genes (R*/A™) were generated by breeding heterozygous hRen trans-
genic mice with heterozygous hAng transgenic mice. Approximately
25% of the offspring from this breeding were double transgenic, and
there was no apparent increased mortality in the R*/A* mice. We
used hRen transgenic line 9 and hAng transgenic line 204/1 in the
generation of the double transgenic mice. Both transgenic lines have
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been previously described in detail (12-14). Double transgenic mice
were identified by PCR of genomic DNA purified from tail biopsy
samples using hRen and hAng specific primers as previously de-
scribed (12, 13).

BPH-2 mice. Spontaneously hypertensive BPH-2 mice were
maintained at both the University of Kansas and University of lowa
Animal Care Units. A small BPH-2 mouse colony was established in
Iowa by brother-sister mating of several breeding pairs obtained
from the Kansas colony. The original derivation of the BPH-2 strain
has been described previously (15, 16).

Mouse husbandry. All mice were fed standard mouse chow and
water ad libitum. Care of the mice used in the experiments met or ex-
ceeded the standards set forth by the National Institutes of Health in
their guidelines for the care and use of experimental animals. All pro-
cedures were approved by the University Animal Care and Use Com-
mittee at the University of Iowa.

Analysis of nucleic acids

Southern blot analysis. Southern blot analysis was used to genotype
the double transgenic animals at the mouse renin locus. A Pvull re-
striction fragment-length polymorphism was used to differentiate be-
tween the endogenous Ren-1¢, Ren-1¢, and Ren-2 genes from the
hRen transgene. 10 pg of genomic DNA from tail biopsy samples was
electrophoresed on 0.8% agarose gels and transferred to nylon-sup-
ported nitrocellulose membranes as previously described (13). Ge-
nomic DNA isolated from the livers of C57BL/6J (Ren-1¢/Ren-1°)
and B6SJL [C57BL/6J X SIL/J F,] (Ren-1¢, Ren-19, Ren-2) was used
as a control. The blots were hybridized with a random primer labeled
partial Ren-2 cDNA using standard protocols (17). The identification
of the mouse renin alleles was as previously described (18, 19), and
the identification of the hRen transgene bands were confirmed using
purified hRen transgene DNA as a control (data not shown).

RNAse protection assay. Expression of hRen and hAng mRNA
was confirmed in the liver and kidney using an RNase protection as-
say. The probes were a partial hRen cDNA from coordinates 741 to
1148 cloned into pSL301 (Invitrogen, San Diego, CA), a partial hAng
cDNA from coordinates 302 to 840 cloned into pCRII (Invitrogen)
after PCR amplification of a section of exon II (13), and a partial
mouse B-actin cDNA provided by the manufacturer (Ambion Inc.,
Austin, TX). Total RNA was isolated from liver and kidney samples
by homogenization in guanidine isothiocyanate followed by phenol
emulsion extraction at pH 4.0 using a modification (20) of the method
previously described (21). Homogenizations were scaled up to 2.5 ml
to increase RNA yield and quality. 10-pg samples of total tissue RNA
were hybridized to single-stranded labeled antisense RNA probes
generated by T3 (hRen) or SP6 (hAng and actin) polymerases using
the Maxiscript Kit (Ambion, Inc.). RNase protection was as de-
scribed by the manufacturer. Protection products were visualized by
electrophoresis through 5% acrylamide-8-M urea sequencing gels
that were fixed and dried for autoradiography.

Surgical preparation

For chronic catheterization, mice were anesthetized with Avertin
(0.2-0.3 ml, intraperitoneally), shaved, and prepped with a 70% alco-
hol solution. Sterile femoral artery and vein catheters (Microrenathane;
Braintree Laboratories, Braintree, MA, 0.040 outer diameter X 0.025
inner diameter) were inserted with the aid of a dissecting microscope
as described (13). Catheters were flushed with a sterile dilute heparin
solution (10 U/ml) and tunneled subcutaneously to the neck. Small
sterile copper wires, attached directly on the right and left thoracic
muscles and tunneled under the skin to the neck, were used for heart
rate determination via electrocardiogram (EKG) monitoring. The
mice were placed on a warming pad (39°C) throughout the surgical
procedure and postoperatively until fully awake. All animals were
given a prophylactic dose of antibiotics (penicillin G, 12,000 U i.m.)
on the day of the surgery. At least 24-48 h of recovery were allowed
before any experimental manipulation.

Experimental protocols

Serial baseline blood pressure measurement. On each of four consec-
utive days, the mice (R*/A* n =5, R*/A™ n = 4) were placed in a
small restraining tube, and the catheters were flushed with the dilute
heparin solution. The mice were allowed to rest comfortably in the
tube for 3045 min before beginning any measurements. Systolic, di-
astolic, and mean arterial pressure were measured with a standard
pressure transducer (Sorenson; Abbott Laboratory, North Chicago,
IL) connected to a Hewlett-Packard (HP) blood pressure monitoring
system. Heart rate was determined by an HP cardiotachometer trig-
gered from the pressure pulse signal. Arterial pressure and heart rate
were sampled at 0.2 Hz for 1 h/d and recorded on line with an HP
computer (model 486-33) using Labtech Notebook (Version 4.2; Lab-
oratory Technologies, Wilmington, MA).

Evaluation of baroreflex sensitivity. The mice (R*/A* n = 10,
R7/A™ n =11, BPH-2 n = 10) were placed in the restraining tube, the
catheters were flushed, and a 30-45-min rest period was allowed (as
above). Mean arterial pressure was measured as outlined above. In
these studies, heart rate was determined by means of an HP EKG
monitor from the EKG leads previously implanted. This allowed for
accurate recording of heart rate even with narrowing of the pulse
pressure. Arterial baroreflex control of heart rate was determined by
producing acute changes in mean arterial blood pressure (MABP)
with ramp intravenous infusion (0.03 ml over 2 min) of phenylephrine
(0.1-3 mg/100 g body wt) and nitroprusside (0.1-3 mg/100 g body wt)
using an infusion pump (Harvard Apparatus, Inc., S. Natick, MA).
The order of administration of each drug was randomized to elimi-
nate bias. A 15-min recovery period was allowed for arterial pressure
and heart rate to return to baseline values before administering the
next drug. After control baroreflex curves were generated, all mice
were given the ACE inhibitor enalapril (0.250 mg/0.2 ml), intrave-
nously at a dose we have previously found to completely block the
pressor response to angiotensin I (dose 2.0 pg/0.1 ml). Administra-
tion of an identical volume of saline does not alter baseline arterial
pressure in normal mice (data not shown). After administration of
enalapril, a 30-min equilibration period was allowed. Baroreflex
curves after enalapril were then determined in an identical fashion as
during the control period. Heart rate and arterial pressure were sam-
pled at 4.0 Hz during baroreflex curve determinations.

The different baroreflex curves expressed as the relationship be-
tween MABP and heart rate (HR) were analyzed using a logistic sig-
moid function according to the following equation:

HR = P, + [P/(1 + exp[P, (MABP — P3)])]

where P, is the range between the upper and lower plateaus, P, is a
coefficient to calculate the gain as a function of pressure, P; is the
MABP at midrange of the curve (midpoint), and P, is the lower pla-
teau (22). The gain was calculated from the first derivative of the
above equation (22). The threshold pressure (lowest pressure that
produces a significant decline in heart rate) and saturation pressure
(pressure necessary to achieve maximal inhibition of heart rate) were
calculated from the third derivative of the equation (22).

Endocrinology

Plasma renin activity. Double transgenic (R*/A*), single transgenic
(R*/A~, R7/A"), and nontransgenic (R7/A~) control littermates
were killed by CO, asphyxiation. Approximately 0.5 ml of fresh
blood was collected from the aorta and placed in chilled tubes con-
taining 2.5 pl of 0.5-M EDTA. The specimen was immediately spun
in a prechilled centrifuge at 14 K for 5 min, and a 150-p.l plasma sam-
ple was obtained and immediately frozen at —80°C until radioimmu-
noassays were performed using the RIANEN »I-angiotensin radio-
immunoassay kit (DuPont, Wilmington, DE) using the directions and
reagents supplied by the manufacturer. All samples were frozen and
thawed once. Plasma samples were thawed in an ice bath. Once
thawed, 2 wl of dimercaprol, 2 pl of 8-hydroxyquinoline, and 200 .l
of maleate buffer were added to 100 pl of plasma (all reagents were
obtained with the radioimmunoassay kit). Samples were split into two
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tubes. Tube A contained 200 wl of sample and was incubated at 0°C.
Tube B contained 100 pl of the sample and was incubated at 37°C.
Samples were incubated for 1 h. Radioimmunoassay was then per-
formed according to the protocol supplied by the manufacturer. Sam-
ples were appropriately diluted with reagent blank so that the radio-
immunoassay results were on the linear portion of the standard curve.
The amount of angiotensin I generated in each sample was obtained
by comparison with a standard curve generated each time the assay
was performed. Plasma renin activity was determined by subtracting
the amount of angiotensin I generated/ml per h in the 0°C sample
from the amount generated in the 37°C sample.

Angiotensin 1 levels. Plasma samples were obtained from dou-
ble transgenic, single transgenic, and nontransgenic controls as previ-
ously described. Radioimmunoassay was performed using '*I-angio-
tensin II radioimmunoassay kit (Peninsula Laboratories, Inc., Belmont,
CA) using the directions and reagents supplied by the manufacturer.
All samples were frozen and thawed once. Plasma samples were
thawed in an ice bath. Samples were appropriately diluted with RIA
buffer supplied by manufacturer to ensure that radioimmunoassay re-
sults were on the linear portion of the standard curve. Diluted plasma
samples were incubated with 100 pl of rabbit anti—angiotensin 11 pep-
tide overnight at 4°C. After overnight incubation, ~ 15,000 cpm of
125T-angiotensin II was diluted in 100 .l RIA buffer and added to sam-
ples. Samples were again incubated overnight at 4°C. After overnight
incubation, 100 pl of goat anti-rabbit IgG serum and 100 pl of normal
rabbit serum were added to reaction mix. Samples were then incu-
bated for 90 min at room temperature. 500 pl of RIA buffer was then
added, and samples were centrifuged at 3,000 rpm for 20 min. The su-
pernatant was poured off, and samples were counted in a gamma
scintillation counter. The amount of angiotensin II present in each
plasma sample was determined by comparison with a standard curve
generated each time the assay was performed.

Statistics and data analysis

Data analysis between different groups of animals was performed by
one-way ANOVA. If the F statistic was significant (P < 0.05), then
comparison among means was performed using the Newman-Keuls
test (23). We considered P values < 0.05 statistically significant. All
values are expressed as the mean=SEM.

Results

Transgenic mice containing the hRen and hAng genes were
previously constructed to develop models to investigate tissue-
specific and cell-specific regulation of the human genes. The
hRen transgenic mice consisted of a genomic construct con-
taining all exons and introns with 892 bp of 5’ flanking DNA
and 400 bp of 3’ flanking DNA. Previous studies revealed that
active hRen is released into the systemic circulation and that
the regulation of hRen mRNA in the kidney was responsive to
angiotensin II feedback mechanisms (12). The hAng mice
were similarly constructed with a genomic construct containing
all five exons and introns with 1.2 kb of 5’ flanking DNA and
1.5 kb of 3’ flanking DNA (13). Biochemical studies revealed
that hAng was released in abundance into the systemic circula-
tion achieving levels 150-fold greater than that found in human
plasma. Blood pressure measurements made in conscious mice
revealed that hAng mice responded to a single bolus dose of
hRen by raising blood pressure 40 mmHg over 2 min. The
response was blocked by pretreating mice with an ACE in-
hibitor.

Development of double transgenic mouse model (hRen/
hAng). hRen and hAng mice were cross-bred to develop a
mouse model of chronic hypertension that could provide a tool
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to study the role played by the RAS in the development and
maintenance of hypertension. Breeding studies clearly showed
that 25% of the mice from a cross of heterozygous hRen and
hAng mice were doubly transgenic and that there was no in-
creased mortality in the double transgenic animals.

To confirm that both the hRen and hAng genes were ex-
pressed in the double transgenic mice, RNase protection as-
says were performed on total RNA isolated from kidney and
liver of hRen/hAng double transgenic mice (R*/A*) and non-
transgenic (R™/A7) controls (Fig. 1). In kidney, both hRen and
hAng mRNA expression was evident in R*/A* mice. In liver,
only hAng mRNA was evident in R*/A* mice. Both results
are consistent with the tissue specificity of the human trans-
genes as previously reported (12, 13). No expression of either
transgene was evident in the nontransgenic controls, demon-
strating the specificity and sensitivity of the assay.

Baseline blood pressure measurements. Direct intraarterial
blood pressure measurements were made in a group of R/A™*
(n = 5) and hRen single transgenic control (R*/A~, n = 4)
mice using an indwelling femoral arterial catheter. The mice in
these experiments were conscious but restrained in plastic ani-
mal holders. Systolic, mean, and diastolic pressure was re-
corded for 1 h each day for four consecutive days after allow-
ing a 24-h recovery period after surgery (Fig. 2). In R*/A*
mice, mean arterial pressure (MAP) ranged from 150.6x5.0 to
159.2+6.7 mmHg and did not vary significantly during the 4 d
of measurement. In control (R*/A™) mice, MAP ranged from
111.1+4.1 to 116.1+4.9 mmHg. Similar elevations in both sys-
tolic and diastolic blood pressure were observed in R*/A*
mice. In contrast, no significant difference in heart rate was
noted between groups (Fig. 2). In addition, there was no signif-
icant difference in the blood pressures of R"/A~, R*/A~, and
single hAng transgenic (R7/A™) mice (data not shown). These
results clearly demonstrate that mice chronically expressing
both the hRen and hAng genes become chronically hyper-
tensive.

Plasma renin activity and angiotensin Il measurements.
Measurements of plasma renin activity (PRA) in each of four
groups of mice (R*/A*, R"/A~, R7/A*, R7/A") is depicted in
Fig. 3 A. PRA was noted to be significantly elevated in R*/A*

Figure 1. Expression of
hRen and hAng in kid-
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mice averaging 106.1+30.0 ngAI/ml per h. These levels repre-
sent nearly a 10-fold elevation over those observed in control
R/A~, R*/A~, and R"/A"* mice. Since PRA is a measure of
angiotensin I generating activity in plasma, it is dependent
upon the circulating levels of both renin and angiotensinogen.
The lack of increase in PRA in the R*/A~ and R™/A* mice is
due to strict species specificity of the renin—angiotensinogen
reaction observed between human and mouse (24-26). The in-
crease in PRA in the R*/A™ mice is due to the presence of
both hRen and hAng. The effect is largely due to the high ex-
cess of circulating angiotensinogen, because adding additional
purified hAng to R*/A* plasma did not significantly increase
angiotensin I production, whereas addition of purified hRen to
R*/A* plasma resulted in a dramatic increase in angiotensin I
production (data not shown).

Measurements of plasma angiotensin II levels are shown in
Fig. 3 B. In R"/A* mice, angiotensin II levels averaged
340.0+58.1 pg/ml and were significantly higher (threefold)
than those of either R"/A~, R/A*, or R"/A™ mice (P < 0.02).
The levels of plasma angiotensin II in the control mice is in
general agreement with previous reports (27).
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Figure 3. Plasma renin activity and angiotensin II levels in hyperten-
sive and normotensive mice. (A) PRA of R*/A* (n = 8),R*/A~ (n =
8), R7/A" (n = 4),and R"/A™ (n = 5) mice is shown. PRA assays
were performed as described in Methods. *P < 0.05 vs R7/A™. (B)
Plasma angiotensin II concentration in R*/A* (n = 8), R"/A~ (n =
4), R7/A* (n = 5), and R"/A™ (n = 4) mice is shown and was mea-
sured as described in Methods. *P < 0.02 vs RT/A™.

Genotyping at renin locus. Previous reports have clearly
demonstrated that there is a large range of variability in blood
pressure among different inbred strains of mice (16). In addi-
tion, the mouse exhibits an interesting polymorphism at the re-
nin locus in that some strains contain two renin genes (Ren-1¢
and Ren-2) while others contain a single renin gene (Ren-1°)
(18). The Ren-1¢ and Ren-1¢ genes are allelic while the Ren-2
gene is the result of a recent duplication at the renin locus (28,
29). Although there is no defined correlation between blood
pressure and the genotype at the renin locus, we were con-
cerned that since the mice used in this study were derived from
an F, population of C57BL/6, which contains the Ren-1° gene,
and SJL/J, which contains the Ren-1¢ and Ren-2 genes, that
random segregation of the different renin alleles may be re-
sponsible for the blood pressure differences seen in Fig. 2.
Therefore, to ensure the results were not artificially derived
from the polymorphism at the mouse renin locus, we geno-
typed each animal in the experiment described in Fig. 2. Fig. 4
depicts the genotyping at the renin locus for the nine mice
used in the baseline blood pressure protocol. In addition, the
MAP over the 4 d of monitoring is shown. As can be seen,
each mouse genotyped as either Ren-19/Ren-1¢ or as Ren-1¢/
Ren-19/Ren-2. Importantly, mice representative of each geno-
type were equally distributed among the R*/A* and R*/A~
mice studied (four R*/A" mice and three R*/A~ mice each
had a single copy of Ren-1¢, Ren-1¢, and Ren-2, and one
R*/A" and R*/A™ mouse each were homozygous for the
Ren-1°¢ allele). Hypertension in these animals clearly segre-
gates with the presence of both the hRen and hAng genes and
not with the presence or absence of any particular mouse renin
gene or allele, further confirming that the elevated blood pres-
sure observed in these animals was due to the interaction of
the human proteins.

Baroreflex control of heart rate. Studies examining the ar-
terial baroreflex control of heart rate were conducted in three
separate groups of animals: The first group consisted of R"/A*
double transgenic mice (n = 10). The second group consisted
of nonhypertensive R"/A~ control mice (n = 11). The third
group consisted of spontaneously hypertensive inbred mice
(BPH-2, n = 10) previously described by Schlager (15, 16).
The BPH-2 mice are chronically hypertensive. This strain was
derived from a genetically selected high blood pressure line by
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Figure 4. Genotype at the mouse renin locus in R"/A* and R*/A~
mice. RFLP analysis was performed to genotype R*/A* and R*/A~
at the mouse renin locus. 10 pg of genomic DNA isolated from tail bi-
opsies (transgenics) or liver (CXS and C) was digested with Pvull and
Southern blotted and probed as described in Methods. The nine mice
shown here are same as used in Fig. 2. The presence of the hRen and
hAng transgenes is indicated above each lane. The average value
over the 4-d protocol for MAP is shown below each lane. The posi-
tion of the different mouse renin alleles and the hRen gene is indi-
cated. C, C57BL/6J; CXS, [C5TBL/6J X SJL/J] F,.

brother/sister inbreeding (15). The original base population
from which the high blood pressure selection was initiated was
the result of an eight-way cross of inbred mouse strains with
varying levels of blood pressure (16). The BPH-2 strain is now
completely inbred and is thought to exhibit a non-renin-
dependent mode of hypertension (30).

A representative example of a baroreflex curve demon-
strating the sigmoidal curve relationship between MAP and
heart rate in a mouse is presented in Fig. 5. Results of barore-
flex responses in these strains are depicted in Figs. 6 and 7 and
the parameters of the baroreflex are shown in Table 1. Heart
rate responses to acute changes in arterial pressure (induced
with phenylephrine and nitroprusside infusions) were deter-
mined both before and after angiotensin converting enzyme
blockade (enalapril) in all three groups of mice. Before ACE
blockade, there were no significant differences between

Table I. Parameters of Baroreflex Control of Heart Rate

groups for the gain of the baroreflex responses (RY/A* =
-172*42, R"/A~ = —16.0=2.6, BPH-2 = —17.5%5.5). In
contrast, threshold, saturation, and midpoint pressures were
all significantly higher in R*/A* mice than in either of the two
groups, thus signifying a parallel right shift of the sigmoid
baroreflex curve (Fig. 7). With ACE blockade, no significant
change in the gain or sensitivity of the baroreflex curve was
noted in any of the three groups. There was, however, a signif-
icant shift to the left in the baroreflex curve in R*/A™ mice, as
threshold, saturation, and midpoint pressure were all signifi-
cantly lower after enalapril. No change, however, was noted in
either the maximum or minimum parameters with enalapril in
R*/A* mice.

In R7/A™ mice, enalapril resulted in a small decrease in sat-
uration and midpoint without statistically significant decreases
in threshold, minimum, or maximum responses. Similar changes
were observed with enalapril in BPH-2 mice; namely, a slight
yet significant decrease in saturation and midpoint without sig-
nificant differences in gain, threshold, minimum, or maximum
responses. Of note is the fact that, after enalapril treatment,
the midpoint of the baroreflex curve of R*/A™ mice was still
significantly higher than that of R”/A™ mice but was not signif-
icantly different than that of BPH-2 mice. In addition, after
enalapril treatment, the baseline blood pressure of R*/A*
mice (114.7=5.1 mmHg) was significantly higher than that of
control mice (90.0+4.2 mmHg) but was similar to that ob-
served in BPH-2 mice (116.6=5.1 mmHg).

Discussion

In the present study, we report a transgenic mouse model in
which lifelong overexpression of both hRen and hAng genes
results in chronic hypertension and resetting of the arterial
baroreflex control of heart rate to a higher pressure. This is the
first report demonstrating the existence of arterial baroreflex
control of heart rate in the mouse and its response to elevated
blood pressure and angiotensin II.

Generation and analysis of the hRen/hAng transgenic
model. This model was created by cross-breeding of mice
transgenic for a genomic clone encoding hRen with those
transgenic for a genomic clone encoding hAng. The hRen mice
are characterized by tissue-specific expression of human renin
in the kidney and extrarenal sites that normally express renin

R/A™ (n=11) R¥/A* (n = 10) BPH-2 (n = 10)
—ENAL +ENAL —ENAL +ENAL —ENAL +ENAL
Gain —16.0x2.6 —18.8%+3.1 —17.2%+42 —17.7+4.0 —17.5%£5.5 —21.3%£53
Minimum 295.5+18.4 319.3+30.1 319.4+40.3 298.0+31.4 260.8+19.8 233.4+16.4
Maximum 694.4+15.6 669.5+27.3 640.9+19.8 640.8+32.6 599.9+21.4 574.6+34.6
Saturation 144144 125.0£5.9% 181.4+8.5 156.3+7.0% 156.5+3.6 144.0+2.7*
Threshold 107.8+4.7 98.7+4.1 150.0%8.5 126.0x£7.1%* 121.1+64 116.0=5.9
Midpoint 125.9%3.5 111.9x4.7* 165.6x8.1 141.1x6.6* 138.8+4.1 129.9+3.2¢
Baseline MAP 113.1x2.8 90.0+4.2* 138.4%7.5 114.7£5.1* 133.4x2.5 116.6*=5.1%*
Baseline HR 626.3+30.1 656.6+29.9 621.7+25.0 621.7+34.8 492.9+30.5 483.0+36.9

Parameters that were used to develop the baroreflex curves in Fig. 6 are shown. *P < 0.006, * P < 0.03 vs pre-enalapril-treated group.
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Figure 5. Baroreflex control of heart rate. A representative example
of a baroreflex curve for an individual mouse. All dots represent indi-
vidual data points collected at a rate of 4.0 Hz during generation of
baroreflex curves with phenylephrine and nitroprusside infusions.
The best-fit sigmoid baroreflex curve generated as described above is
also depicted.

mRNA (12). The level of hRen mRNA in the kidney was ap-
proximately equal to or slightly lower than the endogenous re-
nin mRNA and was therefore not “overexpressed.” Recent ex-
periments to assess the level of circulating human renin
suggest that active human renin is present in the circulation
but at levels lower than circulating active mouse renin. In
contrast to this, hAng mRNA in both the kidney and liver of
R/A* mice is clearly overexpressed, achieving levels in great
abundance over the endogenous angiotensinogen mRNA. We
have determined (13) that plasma hAng levels in the R7/A™
single transgenic mice are > 230 pg/ml, which is ~ 150-fold
higher than the concentration of hAng in normal human
plasma (10).

Previous work in our laboratory and others has clearly
demonstrated that there is a strict species specificity to the re-
nin—angiotensinogen reaction between mouse and human such
that hRen does not proteolytically cleave mouse angiotensino-
gen, and mouse renin does not cleave hAng (13, 24-26).
Therefore, it was not surprising that single transgenic R*/A~
and R7/A* mice had normal plasma renin activities, and
plasma angiotensin II levels and were normotensive. Never-
theless, administration of a single bolus dose of purified hu-
man renin to hAng mice resulted in an acute pressor response,
which is sensitive to pretreatment with an ACE inhibitor (13).

The presence of low levels of active human renin in combi-
nation with excess circulating hAng produced a three to four-
fold elevation in circulating angiotensin II, which was suffi-
cient to cause a sustained increase in arterial pressure. Kim
and co-workers (31, 32) demonstrated that small increases in
the level of circulating mouse angiotensinogen in gene-tar-
geted mice containing three and four copies of the endogenous
angiotensinogen gene were sufficient to cause a dramatic ele-
vation in blood pressure. Our results along with those of Kim
and co-workers (31, 32) strongly support the contention that
genetic abnormalities resulting in increased expression of an-
giotensinogen can result in elevated blood pressure. These re-
sults are consistent with the molecular genetic studies of Jeune-
maitre et al (10), in which linkage between the angiotensinogen
locus and hypertension and an increased incidence of hyper-
tension in patients with elevated levels of plasma angiotensino-
gen was reported. The data are also consistent with the find-
ings of increased angiotensinogen expression in some tissues of
hypertensive rats (4) and the abrogation of hypertension in
rats by central administration of antisense oligonucleotides to
angiotensinogen (6).

Ohkubo et al. (33) previously reported elevated systolic
blood pressure in transgenic mice containing both the rat renin
and rat angiotensinogen genes. As in our experiments, trans-
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S 600 600 4 Figure 6. Baroreflex control of heart rate in double
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genic mice containing either gene, but not both genes, exhib-
ited normal blood pressure. They used transgenes consisting of
a fusion between the metallothionein promoter and the coding
region of either renin or angiotensinogen. This resulted in un-
regulated expression of rat renin and angiotensinogen mRNA
in the liver, the major site of metallothionein promoter activ-
ity, and constitutive release of both proteins into the systemic
circulation. These results suggest that the species specificity of
the human and mouse renin—-angiotensinogen reaction we and
others have observed both in vivo and in vitro (13, 26, 34, 35)
also exists when comparing mouse with rat. However, these re-
sults conflict with other in vivo studies demonstrating that
transgenic mice containing the rat angiotensinogen gene, but
not the rat renin gene, are chronically hypertensive (36), and
transgenic rats containing a mouse renin gene are severely hy-
pertensive (37). Moreover, biochemical studies demonstrate
that rat angiotensinogen is not only an excellent substrate for
mouse renin but is cleaved with enhanced kinetics (38). It is in-
teresting to note that one expectation from the Ohkubo study
was that, since the renin transgene was expressed in the liver
and not kidney, the major form of renin released would be
prorenin. Since renin activity measurements were not per-
formed, it remains unclear how much prorenin was processed
to active renin in their transgenic animals. Our experiments
use clones of human renin and human angiotensinogen en-
coded in genomic constructs containing their endogenous pro-
moters. Consequently, we expected and demonstrated that the
genes would be (a) expressed only in tissues that normally
transcribe renin or angiotensinogen mRNA in adult mice (12,
13) and during development (14); (b) that human renin, be-
cause of its juxtaglomerular cell origin, would be processed to
active renin (12); and (c) that species specificity of the human
renin—angiotensinogen reaction would allow us to develop a
model of chronic hypertension when both genes were present.

Arterial baroreflex regulation of heart rate in hRen/hAng
mice. Despite the fact that double transgenic mice containing
the hRen and hAng genes are chronically hypertensive, there
was no significant difference in the heart rate of control nor-
motensive and transgenic hypertensive mice. Therefore, to de-
termine if there are any potential alterations in the relation-
ship between heart rate and arterial pressure in this mouse
model, baroreflex curves were generated in nontransgenic
control mice and double transgenic (R*/A*) hypertensives.

Baroreflex Control of Heart Rate in Hypertensive Transgenic Mice

Previous studies (39-41) have examined the acute effects of in-
creased endogenous or exogenous angiotensin II on the arte-
rial baroreflex. The present study is the first to examine the ef-
fects of lifelong genetic overexpression of angiotensin II on the
arterial baroreflex. We found that chronic overproduction of
angiotensin II resulted in a right shift (resetting) of the barore-
flex curve to a higher pressure level without alterations in the
gain or sensitivity of the reflex. This resetting of the baroreflex
does not appear to be secondary to the elevated arterial pres-
sure itself since minimal effects of ACE inhibition were noted
in the spontaneously hypertensive mouse (BPH-2), which is
thought to be a renin-independent model of hypertension (30).
Further support for a pressure-independent influence of angio-
tension II on baroreflex resetting comes from recent work by
Brooks (42). She demonstrated that angiotensin-induced
baroreflex resetting was partially reversed soon after angioten-
sion II infusion was stopped despite maintenance of the hyper-
tensive state with infusions of phenylephrine or methoxamine.
Although the exact mechanism of baroreflex resetting by an-
giotension II is unknown, it is thought to involve central ner-
vous system actions via AT-1 receptors at the level of the area
postrema (43, 44).

The present results in conscious mice are in accord with
many previous studies performed in a variety of species in
which angiotensin II has been shown to result in a resetting
(right shift) of the baroreceptor reflex control of heart rate (43,
45). Controversy continues to exist, however, concerning the
effect of angiotensin I on the gain or sensitivity of baroreflex
control of heart rate. Some investigators (40, 46, 47) have re-
ported that angiotensin II decreases baroreflex sensitivity and
that blockade of the RAS increases the gain. Others, however,
have reported resetting without a change in gain (43, 45). The
reasons for these differences are unclear but may involve dif-
ferences in the species studied, use of anesthesia, or dose of an-
giotensin IT used. In the conscious rabbit, acute infusions of an-
giotensin II have been reported to have minimal influences on
baroreflex gain (44, 48). However, Guo and Abboud (40) re-
ported that angiotensin II attenuated the heart rate response
to phenylephrine. In this study, though, the rabbits were stud-
ied in the anesthetized state, and relatively large doses of an-
giotensin IT were used (400 ng/kg per min). Brooks (42) noted
that chronic infusions of angiotensin II in conscious rabbits re-
sulted in resetting of the baroreflex control of heart rate and a
decrease in baroreflex gain. Potential species differences are
demonstrated by the fact that angiotensin II has been reported
to decrease the gain of the baroreflex in conscious sheep (46)
and baboons (47) but not in conscious dogs (45).

Mechanisms of hypertension in hRen/hAng transgenic
mice. Since the hRen/hAng double transgenic mice clearly
exhibit increased circulating levels of angiotensin II, it is likely
that the pressor actions of angiotensin II are at least initially
responsible for the development of hypertension in the model.
However, it is important that we do not rule out other possible
mechanisms that may be responsible for the maintenance of
lifelong hypertension. Indeed, activation of the RAS could re-
sult in alterations in arterial pressure through a number of
mechanisms, such as: (@) direct hemodynamic and vascular ef-
fects, (b) alterations in central sympathetic outflow, (c) stimu-
lation of aldosterone biosynthesis and therefore sodium reten-
tion, or (d) through intrarenal actions of angiotensin II on
sodium reabsorption or local hemodynamics. It is of interest
that both the midpoint of the baroreflex curve and baseline
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blood pressure were still significantly higher in R*/A* mice
(versus control R7/A™ mice) after ACE blockade. One may
suggest, therefore, that in addition to the effects of the RAS,
other mechanisms such as structural remodeling of the vessel
walls, chronic resetting of the arterial baroreflex, and changes
in other vascular regulatory systems may be contributing to the
maintenance of hypertension in R*/A* mice.

The activation of intrinsic tissue RAS may also play a role
in the initiation and maintenance of high blood pressure in the
hRen/hAng mice. The activation of tissue RAS has been impli-
cated in the mechanism of hypertension in transgenic rats con-
taining the mouse renin gene (49). Although the concept of
tissue RAS remains controversial, the evidence for a physio-
logically important role for an intrinsic RAS in the kidney at
least is compelling. For example, mRNA encoding renin, an-
giotensinogen, ACE, AT-1 receptor, and AT-2 receptor, along
with each RAS protein, has been detected and localized at the
cellular level in the kidney (50-54). In the present model, we
have demonstrated both hRen and hAng mRNAs in the kid-
ney (Fig. 1). Furthermore, we have previously localized the ex-
pression of hRen and hAng by in situ hybridization to the re-
nal juxtaglomerular cells (12) and the proximal convoluted
tubule cells (13), respectively. Physiological and pharmacologi-
cal studies have suggested that the intrarenal RAS plays an im-
portant role in regulating renal blood flow and hemodynamics,
tubuloglomerular feedback, and sodium excretion (55-57);
and the intrarenal effects of angiotensin II in regulating renal
sodium may be quantitatively more important than extrarenal
effects (58). Kidney renin is the major source of circulating re-
nin and proteolytically cleaves liver-derived angiotensinogen
in the systemic circulation. However, since the initial release of
juxtaglomerular cell-synthesized renin is into the interstitial
space (59) and its level in renal lymph has been reported to be
10-20-fold greater than in plasma (60), angiotensin I may be
directly formed from angiotensinogen synthesized and re-
leased from renal proximal convoluted tubule cells. The func-
tional significance of this local production remains unclear be-
cause the proportion of angiotensin-I derived from locally
synthesized versus circulating angiotensinogen has yet to be
measured accurately. Nevertheless, since hemodynamic changes
within the glomerular microcirculation can occur rapidly, and
angiotensin II has been reported to influence both mesangial
cell (61) and efferent arteriolar constriction (62), the hypoth-
esis that angiotensin II can be generated and regulated lo-
cally becomes very attractive.

Summary and perspectives. In summary, we report a trans-
genic mouse model in which lifelong overexpression of both
hRen and hAng genes results in chronic hypertension and
chronic resetting of the arterial baroreflex control of heart
rate. Further studies are ongoing to elucidate the relative con-
tribution of intrarenal versus extrarenal actions of angiotensin
IT on the maintenance of hypertension in this mouse model.
The mouse continues to be an important species in cardiovas-
cular research. This unique model lends itself to both genetic
and physiologic manipulations that could potentially elucidate
mechanisms of hypertension not previously possible using tra-
ditional models.
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