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Abstract

The renin-angiotensin system (RAS) is a highly complex hormonal cascade that spans multiple
organs and cell types to regulate solute and fluid balance along with cardiovascular function.
Much of our current understanding of the functions of the RAS has emerged from a

series of key studies in genetically-modified animals. Here, we review key findings from
ground-breaking transgenic models, spanning decades of research into the RAS, with a focus
on their use in studying blood pressure. We review the physiological importance of this
regulatory system as evident through the examination of mouse models for several major RAS
components: angiotensinogen, renin, ACE, ACE2, and the type 1A angiotensin receptor. Both
whole-animal and cell-specific knockout models have permitted critical RAS functions to be
defined and demonstrate how redundancy and multiplicity within the RAS allow for compensatory
adjustments to maintain homeostasis. Moreover, these models present exciting opportunities for
continued discovery surrounding the role of the RAS in disease pathogenesis and treatment for
cardiovascular disease and beyond.
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1.1 Introduction.

The renin angiotensin system (RAS)* is a tightly regulated homeostatic system with a

key role in fluid balance and blood pressure regulation, with dysregulation of the RAS
frequently occurring in disease states such as hypertension, kidney disease, and heart failure.
Our current understanding of the functions of the RAS has emerged from a series of key
studies in genetically-modified animals, several of which are highlighted in this chapter.
These studies have supported the development and use of pharmacologic compounds to
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block the RAS such as angiotensin converting enzyme (ACE)T inhibitors and angiotensin
receptor blockers (ARB)i which are some of the most routinely prescribed medications in
the world.14

The classical RAS initiates with the production of angiotensinogen (Agt)§ and concludes
with the actions of angiotensin Il (Ang 11)** mediated by its major receptor (AT1R).TT
Additional elements comprise the non-classical RAS and include peptide products (Angl-
7) of alternative degradative pathways (prolyloligopeptidase,® polycarboxypeptidase®) and
receptor binding (MAS receptor)” which can lead to largely opposing effects.8 Insights

into the physiological relevance of these components were elucidated from some of the
earliest transgenic mouse models created and remain a hallmark of the power of transgenic
tools over the past few decades.? Initially, individual RAS components would be targeted
globally, meaning to eliminate expression from the entire organism, typically a mouse.
However, many RAS components are expressed in multiple cell types present in different
organs, ultimately leading researchers to question whether systemic or local production
played the larger role in driving their physiological functions.1? Development of newer
technologies for cell-specific gene targeting emerged, such as cre-loxP methodology, which
allowed investigators to define gene function within specific cell populations.1? Examination
of the cell-specific actions of RAS components has advanced the field by illustrating the
complexity of this homeostatic system.

Our review focuses on insights into the RAS gained from gene targeting in mice, with

a focused update to include cell-specific models. We have organized this review by RAS
component starting with the generation of Agt and concluding with the receptor responsible
for transducing the majority of RAS signaling, the type 1 angiotensin receptor (AT1R). Our
review highlights the use of transgenic mouse models for the study of blood pressure, in
addition to examining effects within the cardiovascular system. Our review focuses on the
production and action of Ang 11, and does not cover bradykinin, chymase, or aldosterone.
Additional details are found throughout this volume, and we include a more comprehensive
table for further reference (Table 1).

2.1 Angiotensinogen

Angiotensinogen (Agt) is the only known substrate for the enzyme renin in the rate-limiting
reaction that generates angiotensin | (Ang I)H as the initial step of the RAS.12 Unlike other
components of the RAS, the cleavage of Agt by renin is species-specific,13 and this feature
has been leveraged to design molecular genetic studies by Sigmund and others.14-17 For
example, double transgenic mice with expression of both human renin and angiotensinogen
genes in the central nervous system (CNS)§§ were moderately hypertensive.18 In contrast,
blood pressures (BP)*** in global Agt KOTTT mice were markedly reduced and mice had

TACE: angiotensin converting enzyme
ARB: angiotensin receptor blocker
Agt: angiotensinogen

Ang Il: angiotensin 11

TTATIR: type 1 angiotensin receptor

'ﬂAng I: Angiotensin |

88CNs: Central Nervous System
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increased mortality associated with abnormal renal structure. Total genetic deletion of Agt
resulted in a severe phenotype characterized by diminished RAS activity from loss of this
early substrate as well as other subsequent critical RAS components (described below).14.19
Conversely, mice with additional copies of the Agt gene had a nearly dose-dependent linear
increase in BP related to Agt gene copy number.20

These studies examining Agt clearly demonstrate the contribution of Agt to BP control
under normal and pathological states. More recent work by Ichikawa and colleagues
examined the cellular source of Agt under different conditions.?1-23 Kidney-specific Agt
KO mice (KAP-Cre)22 had reduced mRNA expression of Agt but unaffected Agt protein
levels in the kidney, compared with control animals. In contrast, liver-specific Agt KO

mice (Alb-Cre)22 had the expected reduction in liver Agt mRNA and this was associated
with reduced Agt protein in the kidney (intact mMRNA) and lower renal Ang |1 levels.

Dual liver and kidney Agt KO mice resembled liver Agt KO animals. This work suggested
that liver was the primary source of Agt in the kidney and that Agt was incorporated in
renal proximal tubule cells via a megalin-dependent pathway which was increased with
disruption of the glomerular filtration barrier. Follow-up studies using a model of glomerular
disease induced with podocyte-specific immunotoxin (NEP25 mice injected with LMB2)2
demonstrated increased renal Agt protein and Ang Il, which was attenuated with either liver
disruption of Agt (reduction in source of substrate) or megalin disruption (reduction in Agt
internalization).23 Thus, liver-derived Agt does appear to play a key role in renal Ang Il
generation and intra-renal RAS regulation.

3.1 Renin

Catalyzing the first step in the RAS cascade, renin levels are a key determinant of overall
RAS tone and are subject to complex regulation.24 Active renin possesses enzymatic activity
against angiotensinogen whereas its precursor, prorenin, does not. Putative receptors for
prorenin (PRR)***t have been described and are believed to play a role in activating renin;
data regarding this component of the RAS continue to emerge.2> In the adult, the major
source of circulating renin is the kidney, specifically the specialized juxtaglomerular cells
(JG ceIIs)§§§ near the macula densa.2® Renin is also produced by the distal nephron and may
serve physiological and pathophysiological roles there.26-28

Mice have 1 or 2 renin genes per haploid genome depending on strain (eg., C57 have

1; 129Sv have 2); some strains have a conserved Renicor modified Renidallele for
Ren1 in addition to the Ren2 gene.2? Ren2-deficient mice3° had normal resting blood
pressures in the presence of Renld alone. In contrast, deletion of Renld in female mice
led to reduced renin levels and lower baseline blood pressures.3! Ren1d KO mice of both
sexes had significant morphological abnormalities in macula densa cells and absence of
secretory granules in JG cells of the renal afferent arterial. Modulating the two separate
renin genes delineated non-overlapping roles for these renin genes as well as potential for

***BP: Blood pressure
TTKo: Knock out

+1PRR: Prorenin receptor

888;G: Juxtaglomerular
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phenotypic rescue with complementation with human renin.32 Even more pronounced was
the phenotype resulting from Ren1c deletion in mixed C57:CBA and inbred C57 mice.33:34
Homozygous C57-Renlc null mice had early death, significant hypotension, inability

to concentrate urine in the setting of hydronephrosis and accelerated renal pathologic
changes.34

Cell-specific genetic models have helped to illustrate the role of renin produced outside

of the macula densa. Ramkumar et a/ generated mice with collecting duct overexpression
of renin (under control of AQP2 promoter).35 Collecting duct-derived renin contributed to
hypertension (on high salt diet), urinary excretion of renin, and suppression of plasma renin
concentration. The same group also generated a collecting duct-specific knockout model36
which demonstrated complementary findings with reduced kidney and urinary excretion
of renin, higher plasma renin concentration, and attenuated hypertensive response to Ang
Il infusion. Similarly, models targeting the prorenin receptor have been utilized to further
examine renin and precursors3’~40 and are included in Table 1. Together, these studies
highlight the contributions of tubule-derived renin and renin precursors to the RAS and BP
regulation.41

To understand the plasticity of renin-producing cells, fate-mapping studies were performed
using cre-LoxP technology to identify the location of renin expression.*2 A novel Renld-Cre
mouse line was generated and crossed with an R26R or Z/Eg reporter line expressing

Bgal or GFP respectively, which demonstrated that multiple cell types originate from
renin-producing precursors. Treatment of Ren1d-Cre;R26R mice with a low sodium diet
and an ACE inhibitor led to recruitment of renin-expressing cells within glomerular

and extraglomerular mesangium. Fate-mapping demonstrated that cells recruited for renin
expression under stress are retransformed cells that previously expressed renin and can also
de-transform after the stress has ceased. Thus, renin production is recruited to compensate
for homeostatic changes. Subsequent use of Ren1d-Cre crossed to mT/mG reporter mice in
streptozotocin-induced diabetes examined the renin lineage in a diabetic environment.*3 In
diabetic mice, increased urinary renin resulted from glomerular hyperfiltration coupled with
impaired proximal tubule renin reclamation while the renin cell distribution was preserved.
These studies highlight the complex mechanisms by which renin can respond to shifts in
homeostasis.

4.1 Angiotensin Converting Enzyme

Angiotensin converting enzyme (ACE) is one of the central enzymes in the RAS due to its
ability to convert Ang | into the potent vasoconstrictor Ang Il. As such, the pharmacologic
inhibition of ACE is one of the best-proven therapeutic strategies in cardiovascular
disease.2"444-47 Tissue expression of ACE is nearly ubiquitous, with high expression in
endothelial cells and the kidney.#® The importance of ACE within the RAS has been
delineated by the expansive work of Bernstein and colleagues. For example, generation

of ACE knockout mice (ACE KO or ACE1/1) using targeted homologous recombination
yielded a powerful tool for studying the varied actions of ACE. ACE KO mice had
consistent phenotypic abnormalities also seen in mice lacking renin, angiotensinogen, or
the AT1Rs, including profound hypotension, hypoplastic renal medullae, and an inability to

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Emathinger et al.

Page 5

concentrate urine. ACE KO mice also exhibit hematologic abnormalities such as anemia.*?
The consistency of the renal abnormalities suggests that a lack of Ang Il formation or action
underlies these changes.33:49-52

ACE is comprised of two homologous, independent catalytic domains, the N-domain and
the C-domain, which have been studied separately for their unique contributions to blood
pressure regulation. Bernstein and colleagues studied these domains independently by
introducing mutations to disrupt the catalytic activity of the N or C domain—generating
ACE N-KO®3 or ACE C-KO5%* mice, respectively. These studies demonstrated that mice
lacking the N domain possess an unhindered ability to process Ang I, whereas mice lacking
the C domain maintain blood pressure through compensatory increases in renin and plasma
Ang | levels. Thus, the C domain appears to be the predominant site for the conversion of
Ang | to Ang 11.>* The N-domain has activity against N-acetyl-seryl-aspartyl-lysyl-proline
(AcSDKP) which has anti-inflammatory and anti-fibrotic effects. Diabetic ACE N-KO had
increased sodium excretion and protection against renal injury. These studies underscore the
multifaceted functions of ACE to include substrates other than angiotensin 1.55:56

4.2. Endothelial ACE.

ACE is highly expressed in the vascular endothelium, where it facilitates the conversion of
Ang | to Ang 11 throughout the circulation.>” To examine the function of endothelial ACE,
mice lacking endothelial ACE (termed ACE.3 mice), were generated by directing expression
of ACE under the albumin promoter, yielding mice which produce ACE by hepatocytes to
maintain normal levels of circulating ACE.>® Mice lacking endothelial ACE were able to
maintain normal blood pressures, pointing to the relative flexibility of the RAS, wherein
origin of ACE may vary without impacting blood pressure. One potential explanation for the
blood pressure preservation is the compensatory expression of renin, which can compensate
up to a 90% reduction of ACE.4959 Thus, a lack of endothelial ACE alone appeared
insufficient to destabilize the RAS.

4.3. Renal ACE.

As mentioned, ACE, angiotensinogen, renin, and AT1R knockout mice all display

renal developmental abnormalities.33:4%-52 |n contrast, mice which lack renal ACE but
have normal systemic ACE have preserved kidney organogenesis, suggesting that renal
expression of ACE is not necessary during development if systemic ACE is present.50
Moreover, studies indicate that mice lacking renal ACE are able to maintain renal function
if expression of ACE in other tissues is preserved. Heterozygous mice with one null ACE
allele also maintained normal blood pressures, renal filtration rates and urine concentrating
abilities, despite a reduction in tubuloglomerular feedback, owing to increases in renin
expression.®1 The brush border of the proximal tubule displays robust ACE expression
relative to other organs.52 Mice in which expression is limited to only the renal tubular
epithelium (ACE9/9 mice) had a reduction in total ACE levels and were phenotypically
similar to ACE knockout mice with hypotension, an inability to concentrate urine, and
medullary thinning.83 Taken together, this work highlights the importance of the cellular
sources of ACE, suggesting that systemic ACE activity is necessary for preservation of renal
structure, while renal tubular ACE is important for blood pressure regulation.
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ACE9/9 mice which lack systemic ACE developed sustained hypertension during chronic
Ang | infusion, likely due to locally-generated increased intra-renal Ang I1 levels.®3 While
previous studies demonstrated that systemic ACE is necessary for renal function under
normal conditions, this study points to the importance of the intra-renal RAS system in
the regulation of blood pressure, particularly in pathological states.60.63 Moreover, the
hypertensive response to Ang Il was similarly blunted in mice with ACE expression
restricted to the liver (ACE 3/3) or myelomonocytic cells (ACE 10/10) which had no or
minimal renal ACE levels.®0 This response was coincident with changes in natriuresis and
nephron transporter activation in the ACE3/3 and ACE 10/10 mice. From these studies

in mice with tissue-specific targeting of ACE expression, we see that renal ACE and
intrarenal Ang Il play an integral role in sodium handling by the kidney and responding
to hypertensive stimuli.

4.4 Cardiac ACE.

Overexpression of ACE within cardiomyocytes—with concomitant absence of ACE in
kidney or vascular endothelium—Iead to a severe phenotype characterized by atrial
enlargement, arrythmia, and sudden death. In these mice, termed ACE 8/8 mice,54
ventricular size and function were preserved despite increased cardiac Ang Il levels. The
conduction defects seen in these mice were associated with changes in cardiac connexins,
suggesting a possible mechanism of increased arrythmia risk in heart failure and other
pathological changes associated with increased RAS activation.85 Moreover, ACE 8/8
mice treated with an ACE inhibitor or ARB had improved conductivity, associated with

a reduction in connexin43.6 A more tempered model of cardiac-restricted ACE expression
was also developed (ACE1/8 mice) by combining the ACE KO (ACE 1/1) and cardiac
overexpression mouse lines (ACE 8/8).67 ACE1/8 mice had normal blood pressures and
intact renal concentrating function, suggesting that cardiac ACE expression is sufficient to
maintain major homeostatic mechanisms.8”

4.5 Gene titration studies.

Gene titration studies from the Smithies group helped to identify key compensatory and
regulatory features of the RAS by examining mice with differing ACE copy numbers.
Blood pressures were normal in mice with 1-3 copies of the ACE gene, largely due to

a compensatory increase in kidney renin levels in mice possessing only one copy of the
ACE gene.®8 Indeed in mice with only one ACE copy, increases in renin expression are
sufficient to rescue blood pressure to normal levels,®8 in contrast to an earlier study by
Esther et al. in which mice homozygous for an ACE mutant allele— thus deficient in ACE
—were markedly hypotensive due to incomplete compensation by renin.>? Taken together,
these studies highlight the multiplicity of the RAS in regulating blood pressure. The RAS
possesses adaptive flexibility that helps to maintain homeostatic mechanisms in the absence
of additional pathological forces.59 Beyond the scope of this review, transgenic mouse
models to study ACE in the immune system are included in Table 1.

The complexity and multiplicity of ACE within organ systems is demonstrated by the
relative abundance of transgenic mouse models dedicated to its study. Together, these studies
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support a fundamental role for ACE in the maintenance of cardiovascular homeostasis,
among other functions.

5.1 Angiotensin Converting Enzyme 2

Identification of ACE2,”* an ACE homolog, from ventricular tissue of a heart failure
patient in 200070 sparked new inquiry in cardiovascular physiology. Differences between
the homologs—namely that ACE2 is expressed in a more limited pattern in the kidney and
heart and has substrate specificity to degrade Ang Il preferentially over Ang I—implicated
ACE2 in the non-classical actions of the RAS. Degradation of Ang Il by ACE2 leads to the
formation of Angiotensin 1-7 (Ang 1-7)TTTT which has vasodilatory actions that oppose
Ang 11.7 Over the past 20 years, our understanding of ACE2 has grown, and much of this
research has hinged on genetic manipulation of ACE2 in rodents. Presently, ACE2 is being
intensely studied as it also serves as the receptor for Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-COVZ)ﬂii and there may be overlap between its cardiovascular
functions and viral receptor pathways.

Initial studies in ACE2 knockout mice raised questions about the role of ACE2 in cardiac
structure and function, with divergent phenotypes resulting from deletion of ACE2 in mice
by different groups. The first ACE2 knockout mouse line created by Crackower et al.
displayed a severe contractility defect associated with elevated renal, cardiac, and plasma
Ang 11 levels.”2 However, independently-generated ACE2 knockout mice by Yamamoto

et al. and Gurley et al. had normal cardiac function and morphology at baseline.”3.74
Explanation for these disparities are unknown but may be attributable to factors such as
genetic background or environment. Further work by Gurley et a/. led to inbred ACE2
knockout mouse lines backcrossed for six generations onto parental strains. Inbred C57 or
129 mice had no differences in cardiac contractility compared to wild type littermates.”® Of
note, a later publication using the original ACE2 knockout line generated by Crackower and
colleagues reported normal cardiac function, indicating that the phenotype first reported was
lost,”® though it remains unclear why.

Phenotypic differences between mice on different genetic backgrounds were further evident
in studies measuring blood pressure. ACE2-deficiency had an inconsistent effect on blood
pressure in mice with mixed genetic background (C57BL/6 and 129), whereas inbred
C57BL/6 ACE2-deficient mice had a 7 mmHg increase in blood pressures compared

to those of controls at baseline.”* As a comparison, ACE2 deficiency on a 129/SvEv
background yielded no significant change in baseline blood pressures compared to their
control animals. Chronic infusion of Ang Il into ACE2-deficient mice (129/SvEv 74 and
C57BL/6, unpublished data Gurley Lab) led to significant increases in blood pressures
consistent with impaired renal metabolism of Ang I1 contributing to hypertension. Further
evidence that ACE2 does not significantly impact blood pressure under normal conditions
is seen in mice treated with recombinant ACE2 (rACE2),”” whereas in Ang I1-hypertension,

*kkk

ACE2: Angiotensin Converting Enzyme 2

TTTTAng 1-7: Angiotensin 1-7
HHsARS-CoV2: Severe Acute Respiratory Syndrome Coronavirus 2
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rACE2 is able to normalize blood pressure. Importantly, these studies highlight how strain
differences can impact cardiovascular phenotypes.

Use of ACE2 null mice has elucidated important cardiac protective roles for ACE2. ACE2
deficiency impairs degradation of Ang Il in the circulation, thus leaving tissues exposed

to increased Ang Il stimulation. Elevations in Ang Il in the setting of ACE2 deficiency
were associated with worsened aortic and myocardial inflammation and oxidative stress’8:79,
and an increased susceptibility to heart disease80. Within the kidney, deficiency of ACE2
was associated with worsened histopathological markers of diabetic kidney injury 76 and
elevated markers of oxidative stress.8 More recent studies have begun to focus on the
physiologic roles of ACE2 using cell-specific targeting approaches. Overexpression of
ACE2 within the glomerular podocyte was protective of renal function and structure in a
model of streptozotocin-induced diabetes,82 in part attributed to lower renal Ang I1 levels.
In a model of cell-specific ACE2 depletion, adipocyte-specific ACE2 deletion compounded
obesity-induced changes in systolic blood pressure in female but not male mice, supporting
sex differences in the regulation of hypertension by the RAS.83 While our understanding of
the physiologic role of ACE2 continues to grow, disease modeling and cell-specific ACE2
models point to the importance of the non-canonical RAS.

Using mice with ACE2 overexpression targeted to the central nervous system (Syn-
hACE?2), studies by Lazartigues and colleagues have examined the role of ACE2 in
neurogenic hypertension.8* CNS-overexpression of ACE2 in these animals protected

against the development of hypertension and increased drinking behavior following chronic
administration of Ang 1185 or high salt diet.86 However, shedding of the catalytically-active
ectodomain of ACE2 by a disintegrin and metalloproteinase (ADAM17) effectively removed
ACE?2 from key areas in the brain that are involved in regulation of blood pressure and
resulted in enhanced hypertension. The finding that ACE2 cleavage by ADAML17 effectively
removes ACE2 from its point of action within the CNS calls attention to the complex

nature of hypertension regulation, with inflammatory proteins such as ADAM17 playing a
superimposing role on the RAS.86 Together, these studies using transgenic models suggest
that regulation of neurogenic hypertension is a highly dynamic process which is impacted by
various pathological forces.86

5.2 Humanized ACE2 mice.

A more recent approach to generating relevant animal models of human disease include
generation of humanized mice, which involves mice expressing a functional human
gene.87:88 This approach allows for more clinically-relevant studies in mimicking human
disease and evaluating pharmacological therapies for disease treatment.

For example, humanized mice serve as great resources for further study into the roles of
ACE?2. Beyond its cardiovascular effects, ACE2 serves as the receptor for both SARS-CoV
and SARS-CoV2. SARS coronaviruses have greater binding affinity for human ACE2
(hACE2) as compared to mouse ACE2 (mACE2)8; as such, humanized ACE2 mice have
been particularly important in the study of these emerging infections.

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 June 01.
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Several groups developed hACE2 mice during the original SARS-1 outbreak using differing
genetic approaches, thus allowing for the study of SARS-CaoV in whole-animal vs. cell-
specific approaches.87:88.:9091 |n 2007, Yang et a/. generated mice expressing hACE2 driven
by the mouse ACE2 promoter which maintained normal physiologic ACE2 expression
patterns. &7 In another model, expression of hACE2 under the CAG promoter was utilized
in three mouse lines that had differing susceptibility to SARS-CoV1.%1 Expression of
hACE2 under control of either mACE2 promoter or the CAG promoter led to mice

with robust hACE2 expression that were susceptible to SARS-CoV1 infection, though

with some differences in severity and mortality. Cell-specific approaches for studying
SARS-CoV1 infection in hACE2 mice have been developed as well. Mice expressing

high levels of ACE2 within epithelial cells specifically, K18-hACE2 mice, have increased
hACE2 within the lungs, kidneys, liver, and colon.88 K18-hACE2 mice developed lung
pathology upon inhalation of SARS-CoV1 that was rapidly fatal. In a second cell-specific
model, airway-targeted expression of hACE2 under the HFH4 promoter yielded mice with
broader expression than anticipated—with hACE?2 levels in the brain, liver, kidney, and
gastrointestinal tract.%? These mice were infected with SARS-like WIV1-coronavirus and
developed a severe illness associated with 100% mortality after developing respiratory
illness with extrapulmonary manifestations. Each of these studies presented a new model to
investigate ACE2 and SARS infections, yet there was not a clear association between tissue-
ACE?2 expression and viral infectivity as several groups have documented viral antigen in
tissues expressing relatively low levels of hACE2.88.91.92

Within the past year, hACE2 mice have been successfully used to study the pathogenesis
of SARS-CoV2. K18-hACE2 mice inoculated intranasally with SARS-CoV2 developed
high viral loads in lung tissue and other organs, thus providing a mouse model of
COVID-19.93 Infection with SARS-CoV?2 led to histopathologic evidence of pulmonary
and extrapulmonary injury, along with an excessive inflammatory response. Similarly,
mice expressing hACE2 downstream of HFH4 promoter developed interstitial pneumonia
associated with high viral load in the lungs, along with evidence of viral RNA in the brain
and heart.9* Together, these studies demonstrate how hACE2 mice are essential to studying
SARS-CoV2.

The differences in susceptibility to lung pathology and extrapulmonary manifestations,
along with recovery potential of these lines provides a range of resources for studying viral
infectivity and infection severity. Moreover, broader application of humanized ACE2 mouse
lines provides new opportunities for understanding the non-canonical RAS pathway in other
human-relevant disease models.

In addition to ACE2, prolylcarboxypeptidase (PRCP)§§§§ and prolyloligopeptidase
(POP)™ ™™™ both can degrade Ang 11 to form Ang 1-7. ACE2/PRCP double knockout mice
treated with Ang Il were able to convert Ang Il to Ang 1-7, whereas POP knockout mice
had a blunted conversion of Ang Il to Ang 1-7 in plasma, suggesting that circulating Ang 1l

8888pRrcp: Prolylcarboxypeptidase

*kkkk

POP: Prolyloligopeptidase
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is degraded primarily by POP.5 In contrast, PRCP deficiency does not disrupt degradation of
circulating Ang 11 but instead acts at the kidneys to metabolize Ang 11 and regulate BP.>:6

1 Angiotensin Receptor (AT1R)

The actions of Ang Il are dictated by the receptors that bind the Ang Il peptide and
propagate and amplify the Ang Il signal into cells. In Homo sapiens, there are two well
defined receptors that bind to Ang I1: the type 1 angiotensin receptor (Gene name: Agtr1,
Protein name: AT1R) and the type 2 angiotensin receptor (Gene name: Agtr2, Protein name:
AT2R). In Mus musculus a gene duplication event of the Agirl gene lead to two separate
genes that are expressed in mice, Agtrlaand Agtr1b.8 Activation of the AT1R (or AT1AR
in mice) signaling can cause vastly different downstream effects within different cell-types.
For example, in proximal tubule cells it causes changes in the expression of electrolyte
transporters thereby altering natriuresis,®> while in vascular smooth muscle cells it causes
vasoconstriction leading to acute changes in blood pressure.?6 How these diverse functions
are regulated is still not completely understood but support cell-specific functionality to
preserve homeostasis.

In mice lacking expression of either the AT1AR or AT1BR isoforms, it has been shown

that blood pressure control is dominated by the AT1AR isoform. While baseline blood
pressure was significantly decreased in mice lacking AT1IARY’, AT1BR-deficient animals
were normotensive.98 Double null homozygotes (AT1AR and AT1BR double KO) had
severe hypotension and abnormal renal structure, mimicking several of the other total

RAS component KO phenotypes.8 Interestingly, mice without AT2R expression showed an
increase in blood pressure under basal conditions.9® AT1AR, AT1BR, and AT2R have been
deleted in combination with one another to demonstrate that these are the only 3 receptors
that respond to Ang Il and that AT1AR is the receptor that drives most of the physiological
response to Ang 11,100,101

Building on seminal work showing that global loss of AT1R leads to severe hypotension,
impaired urinary concentration, and renal developmental defects,%” more recent studies have
focused on defining the organs and cell types that are driving different physiological aspects
of RAS signaling. The majority of these studies have focused on cell populations in the
kidney (Figure 1), central nervous system, and immune system. Another chapter in this
collection is going to focus on the role of AT1AR in the vasculature.

The dominance of the kidney in regulating blood pressure-associated pathologies was clearly
demonstrated by kidney cross-transplantation experiments between global AT1AR knockout
and wild type animals.192 Since then, researchers have sought to determine which cell types

within the kidney were driving various aspect of Ang Il signaling.

To facilitate cell-specific deletion of the AT1AR, the Coffman Lab (Duke University)
generated a mouse line with a conditional Agtriaallele to allow targeting of specific cell
populations in dissecting mechanisms of hypertension.103 As the renal proximal tubule
arguably has the highest abundance of AT1AR among epithelial cell types, it was selected
as one of the first cell populations to apply cell-specific deletion of AT1AR.104.105Tg target
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the renal proximal tubule (PT), two different cre lines have been utilized to delete AT1AR:
Pepck-crel03.106 and Kap2-cre.197 The Pepck-cre mediated deletion resulted in a significant
hypotensive phenotype that was maintained during Ang Il hypertension. Additionally, mice
lacking AT1AR from the renal PT had an altered pressure-natriuresis curve which was
associated with alterations in key sodium transporters.103 The Kap2-cre mediated deletion
resulted in a similar phenotype with the mice being hypotensive at baseline with blood
pressure differences maintained during Ang Il-induced hypertension.107 The consistency in
phenotype of these two distinct genetic lines provides strong evidence thatAT1ARs in the PT
play a critical role in regulating blood pressure /n vivo.

The AT1AR has also been deleted from distal segments of the nephron by using the
AQP2-Cre which targets principal cells1® and Hoxb7-crel9® which targets the entire
collecting duct, both principal and intercalating cells. Within principal cells, loss of
angiotensin signaling results in a transient hypotensive phenotype early within Ang I1-
induced hypertension that resolves after 10 days.198 This transient hypotensive phenotype is
accompanied by a slight protection from cardiac hypertrophy and decrease in the abundance
of the sodium channel alpha-ENaC. In contrast, deleting AT1AR from the entire collecting
duct causes an exaggerated hypertensive response to Ang 11.109 This unexpected finding was
associated with diminished COX2 expression in CD KO mice and offered a new pathway

in RAS-mediated hypertension pathogenesis. These series of seminal experiments have
demonstrated the diverse role that AT1AR has throughout the nephron and furthered our
understanding of the physiological relevance of RAS signaling in the kidney.

AT1AR has also been deleted from podocytes using the Pod-cre mouse line.210 The authors
deleted AT1AR on a background that was also deficient in two proteins involved in clathrin-
mediated endocytosis (Dynl and Dyn2). They found that deletion of AT1AR in this context
improved albuminuria and kidney function compared to the mice that only lacked Dyn1 and
Dyn2.

Outside of the kidney, another cardiovascular regulatory center with important RAS activity
is the central nervous system (CNS). Within the brain, AT1AR has been deleted from
multiple neuronal populations using the following cre recombinase mouse lines; AVP-crelll,
Nefh-crell2, LepR-crell3, AgRP-crell3, TH-crell4, and CRF-crell5, These studies have
added to our understanding of how the RAS functions in the CNS. Deletion of ATIAR
using the AVP-cre resulted in mice having increased plasma and serum osmolality without
changes in fluid or salt-intake behaviors, hematocrit, or total body water. Deletion of
AT1AR using the Nefh-cre demonstrated that the receptor promotes Adam17 upregulation,
a metalloprotease responsible for the cleavage of TNFalpha and Ace2. In the arcuate
nucleus, AT1AR was shown to play a role in Leptin receptor (LepR) and agouti-related
peptide (AgRP) expressing neurons to regulate the resting metabolic rate in response to

a high-fat diet and deoxycorticosterone acetate-salt (DOCA-salt) treatments. Deletion of
AT1AR using TH-cre demonstrated that catecholaminergic cells play a role in the maximal
response that mice have to Ang ll-induced hypertension and the development of cardiac
hypertrophy. AT1AR has even been shown to be important for the regulating the behavior
of mice as deletion of AT1AR with CRF-cre altered fear conditioning in mice. Additionally,
AT1AR was deleted from astrocytes using GFAP-crel16, This study showed that angiotensin
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signaling in astrocytes plays a role in enhancing central sympathetic outflow in heart failure.
Within the CNS, AT1R is expressed in multiple cell types that are important for maintaining
homeostasis.

Work from the Crowley Lab has selectively targeted AT1AR in multiple immune cell
populations, including macrophages and T-lymphocytes, using mouse lines driving cre
recombinase with CD4117, LysM118, k19 and OT-1120 promoters in combination with
the conditional Agtriaallele. In contrast to many of the other cell-types in which AT1IAR
activation drives hypertensive organ damage (nephrosclerosis, fibrosis, proteinuria),121
these experiments have compellingly demonstrated a protective role for AT1AR receptor
activation in immune cells that limits fibrosis in the hypertensive kidney.117-120 This
opposing role highlights the complexity of RAS signaling in which the context of RAS
activation is relevant and suggests that targeted inactivation of RAS signals may offer more
therapeutic potential over current approaches that inhibit the RAS globally.

7.1 Concluding Remarks

The RAS is a complex signaling cascade that spans multiple organs and cell types. The
development of new and improved methodologies to generate transgenic animals has
significantly contributed to our understanding of how the RAS contributes to physiology.
For example, cell-specific deletion of Agt has demonstrated how synthesis of Agt in the liver
plays in regulating blood pressure. We also now know that renin synthesis outside of the
JGA plays an important role in regulating RAS expression and activation. Redundancy and
multiplicity within the RAS allow for compensatory adjustments to maintain cardiovascular
homeostasis. We see this exemplified in studies in which mice lacking renal ACE are
protected by systemic ACE circulation at baseline, whereas in the presence of hypertensive
stimuli the imbalance of the system is made evident. Moreover, systematic generation of
cell-specific deletion models of the major receptor for Ang Il (AT1AR) have uncovered how
the RAS modulates epithelial transport, urinary concentration, and a connection with the
prostaglandin system, summarily emphasizing the intra-renal RAS in BP regulation.

Studies in ACE2 functions have highlighted an important lesson in mouse physiology:
namely, that mouse strain can have significant impact on phenotype. Such work provides
unique opportunities to study differences in phenotype across multiple knockout strains
thereby generating a more robust understanding of the role of ACE2 in cardiovascular
biology. The emerging role of ACE2 in viral pathogenesis will also lead to advances in the
field of the RAS, which should inform BP and cardiovascular disease more broadly. Indeed,
exciting opportunities are found in studies that expand our understanding of the RAS into
new territories.
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AT1R cell-specific deletion phenotypes
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Figure 1.
Description of AT1AR cell-specific deletion models and phenotypes along the nephron.
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