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Summary

Hypertension prevalence is still growing worldwide as well as the number of drug-therapy non-
responsive patients. Therefore, improving the current and developing new therapies to control
blood pressure (BP) is warranted. Growing literature points to the sympathetic nerve system as
the major system controlling long-term BP homeostasis, and human hypertension is often
accompanied by increased sympathetic nerve activity (SNA). The renin angiotensin system
(RAS) is involved in cardiovascular control and beyond due to the broad actions of the powerful
hormone angiotensin Il (Ang II) produced in the circulation or within organs. The project aimed
to further characterize the modulatory effects of the RAS on SNA and its impact on
cardiovascular control and erythropoiesis, particularly focusing on the role of brain-borne Ang II.
These questions were experimentally addressed with RAS gain and loss of function mouse
models in the FVB/N background strain, and complementary experiments were performed with

rats and mixed background mice.

A transgenic line with brain-specific angiotensinogen (Agt) expression was validated
(Agt-Tg) and used to demonstrate in vivo local brain Ang Il formation. FVB/N mice
cardiovascular regulation revealed predicted and surprising phenotypes. As expected FVB/N
mice lacking the major Ang Il receptor (AT1a-KO) presented reduced BP, and Agt-Tg displayed
increased BP accompanied by increased SNA. Surprisingly, adult F\VB/N mice lacking Agt (Agt-
KO) were normotensive contrasting previous findings in other strains. Paradoxically, the genetic
brain-rescue of Agt in Agt-KO (Agt-KO-Tg) strongly reduced BP. Using integrative physiology,
we identified that the normotension in Agt-KO is driven by increased vascular tone due to
exaggerated sympathetic outflow and impaired nitric oxide production which is reversed by brain
Ang Il in Agt-KO-Tg contrasting Agt-Tg. Agt-KO-Tg also presented better renal function
compared to Agt-KO despite similar renal morphological damage. In addition, brain Ang Il
strongly activated renal SNA in Agt-KO-Tg, and renal denervation had minimal effect on Agt-
KO and Agt-KO-Tg baseline BP.

A genome-wide-association-study was employed to uncover the genetic alteration causing
FVB/N Agt-KO to fail in reducing BP. For this, a mixed background (FVB/N x C57BL/6N) F2
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Agt-KO line was generated. Strikingly, the phenotyping data of the F2 Agt-KO strongly indicates
a single recessive allele responsible for the BP phenotype in FVB/N Agt-KO once the BP in the
F2 presented a clear bimodal distribution with most mice being hypotensive. However, the
association analyses demonstrated that several loci likely contribute to the phenotype in FVB/N
Agt-KO.

Finally, we identified one central and one peripheral mechanism of erythropoiesis
regulation modulated by the RAS. In the brain, Ang Il favors erythropoiesis via SNA. Agt-Tg
with elevated brain Ang Il displayed increased erythropoiesis that was reverted by peripheral
sympathectomy, and rats with depleted brain Agt presented decreased baseline erythropoiesis. In
the periphery, the experiments revealed that the RAS influences the iron homeostasis because
Agt-KO mice presented microcytic anemia accompanied by reduced levels of circulating and

tissue-stored iron.

Altogether, the data set generated within the frame of my doctoral thesis supports local
formation and function of brain Ang Il. Furthermore, we provided evidence that brain Ang Il is
involved in differential SNA regulation to different organs impacting BP homeostasis. Finally,
two unprecedented mechanisms of erythropoiesis control modulated by the RAS via SNA and

iron homeostasis were revealed.

Keywords: Sympathetic nerve activity, hypertension, brain RAS, rodent models, red blood cell,
iron metabolism
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IV. Zusammenfassung

Die Pravalenz von Bluthochdruck nimmt weltweit weiter zu, ebenso wie die Zahl der Patienten,
die nicht auf eine medikamentdse Therapie ansprechen. Daher ist die Verbesserung der
derzeitigen und die Entwicklung neuer Therapien zur Kontrolle des Blutdrucks gerechtfertigt.
Zunehmend weist Literatur darauf hin, dass das sympathische Nervensystem das wichtigste
System fur die Steuerung langfristiger Blutdruckhomoostase ist, auBerdem wird Bluthochdruck
oft von einer erhohten sympathischen Nervenaktivitat (SNA) begleitet. Das Renin-Angiotensin-
System (RAS) ist an der Kontrolle des Herz-Kreislauf-Systems beteiligt. Das potente Hormon
Angiotensin-11 (Ang-11) des RAS wird im Blutkreislauf oder in den Organen gebildet und besitzt
vielféltige physiologische Effekte. Das Projekt zielte darauf ab, die modulatorischen Wirkungen
des RAS auf die SNA und entsprechenden Folgen auf die kardiovaskuldre Kontrolle und die
Erythropoese weiter zu charakterisieren, wobei der Schwerpunkt auf der Rolle des im Gehirn
gebildeten Ang Il lag. Dieses Ausgangsinteresse wurde experimentell mit RAS Gain und Loss-
of-Function-Mausmodellen im FVB/N Hintergrundstamm untersucht. Erganzend wurden

Versuche mit Ratten und Mausen mit gemischtem genetischen Hintergrund durchgefiihrt.

Eine transgene Linie mit gehirnspezifischer Angiotensinogen-Expression (Agt) wurde validiert
(Agt-Tg) und verwendet, um die lokale Ang-11-Bildung im Gehirn in vivo zu demonstrieren. Die
Ergebnisse zur kardiovaskuldren Regulation von FVB/N-Mausen ergaben die vermuteten und
uberraschende Phédnotypen. Wie erwartet hatten FVB/N-M&use, denen der wichtigste Ang-I1I-
Rezeptor (AT1a-KO) fehlte, einen verminderten Blutdruck. Aullerdem zeigte Agt-Tg einen
erhdhten Blutdruck im Zusammenhang mit erhohter SNA. Im Gegensatz zu friheren Befunden
bei anderen Stdammen, waren erwachsene FVB/N-Méuse ohne Agt (Agt-KO),
uberraschenderweise normotensiv. Paradoxerweise senkte die spezifische Wiederherstellung der
Agt Genexpression im Gehirn von Agt-KO (Agt-KO-Tg) den Blutdruck dramatisch. Mithilfe von
integrativer Physiologie konnten wir feststellen, dass die Normotonie bei Agt-KO durch einen
erhohten GefaRtonus aufgrund eines Gberméligen Sympathikotonus und einer beeintréchtigten
Stickoxidproduktion verursacht wird. Diese werden bei Agt-KO-Tg im Gegensatz zu Agt-Tg
durch Ang Il im Gehirn umgekehrt. Agt-KO-Tg wies im Vergleich zu Agt-KO trotz ahnlicher

morphologischer Nierenschéden eine bessere Nierenfunktion auf. Des Weiteren aktivierte Ang Il
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im Gehirn die renale SNA in Agt-KO-Tg stark, wohingegen eine renale Denervierung nur

minimale Auswirkungen auf den Basisblutdruck von Agt-KO und Agt-KO-Tg hatte.

Eine genomweite Assoziationsstudie wurde implementiert um die genetische Veranderung, die zu
der Normotonie bei FVB/N Agt-KO fiihrt, aufzudecken. Fur diesen Zweck wurde eine F2 Agt-
KO-Linie mit gemischtem Hintergrund (FVB/N x C57BL/6N) erzeugt. Bemerkenswerterweise
wiesen die Phénotypisierungsdaten durch eine klare bimodale Verteilung des Basisblutdrucks in
der F2 Agt-KO stark auf ein einzelnes rezessives Allel hin, das fir den Blutdruck-Phénotyp in
FVB/N Agt-KO verantwortlich ist, wobei die meisten Mause hypoton waren. Die
Assoziationsanalysen zeigten jedoch, dass wahrscheinlich mehrere Loci zum Phéanotyp bei
FVB/N Agt-KO beitragen.

Im letzten Teil der Arbeit identifizierten wir zwei Regulationsmechanismen der Erythropoese-
(zentraler und peripherer), die durch das RAS moduliert werden. Im Gehirn beginstigt Ang Il
die Erythropoese Uber SNA, da Agt-Tg mit gesteigertem Ang-Il im Gehirn eine erhohte
Erythropoese zeigte, die durch periphere Sympathektomie riickgédngig gemacht wurde. AuRerdem
zeigten Ratten mit verminderter Agt-Expression im Gehirn eine verringerte Erythropoese. In der
Peripherie zeigten die Experimente, dass das RAS die Eisenhomoostase beeinflusst, da Agt-KO-
Méuse eine mikrozytare Andmie aufwiesen, die mit reduzierten Konzentrationen von

zirkulierendem und im Gewebe gespeichertem Eisen einherging.

Zusammenfassend zeigen die im Rahmen meiner Doktorarbeit erhobenen Daten die lokale
Bildung und Funktion von Ang Il im Gehirn. Darlber hinaus konnten wir nachweisen, dass Ang
I1 im Gehirn an der differenzierten SNA-Regulierung in verschiedenen Organen beteiligt ist, was
sich auf die Homoostase des Blutdrucks auswirkt. Schlielich wurden zwei neue Mechanismen
der Erythropoese Kontrolle aufgedeckt, die durch das RAS Uber SNA und Eisenhomdostase

moduliert werden.

Schltsselworter: Sympathische Nervenaktivitat, Bluthochdruck, Gehirn-RAS, Nagetiermodelle,

rote Blutkorperchen, Eisenstoffwechsel
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Introduction

1 Introduction

1.1 Blood pressure and hypertension

Classically blood pressure (BP) is defined as the product of the cardiac output and total peripheral
resistance. The cardiac output depends on the heart rate (HR) and stroke volume (essentially the
blood volume pumped per heartbeat in a given time frame). While the peripheral resistance is the
resistance encountered by the blood pumped into the circulatory system that is governed by the
blood volume in the system itself and neurohumoral modulators of the arterial tone! (1). Baseline
BP levels vary considerably throughout a day in response and adaptation to alternating
environmental conditions including but not restricted to stress, physical activity, sleep and
emotions (2). However, the long-term average levels of BP vary minimally because several
organs and hormonal systems that operate in an interdependent manner to keep long-term BP
levels constant (3) (Figure 1).

The appreciation that BP control is complex already emerged in the 1940s by the
observations of Irvine Page who proposed the “Mosaic Theory of Hypertension” in which
hypertension was for the first time described as a complex disorder (4). Different organs have
specific and relative contributions for short-term and long-term BP control. Hence, the
malfunctioning of one of these components potentially triggers a systemic chain of reactions that
may result in hypertension (Figure 1). One example is the classical hypertension model of
chronic angiotensin Il (Ang I1) overload in experimental animals which mimics conditions as
renal artery stenosis?. Chronically increased Ang Il levels lead to major alterations impacting BP
control including renal salt and water reabsorption, vasoconstriction, vascular remodeling and
dysfunction, immune cell activation, baroreflex impairment and increased sympathetic nerve
activity (SNA). In this model, the alterations mentioned induce changes in the cardiac output and
vascular resistance that ultimately raise basal BP levels chronically establishing hypertension (5).

! Arterial tone refers to the degree of constriction of the arteries. For details see section 1.5.
2 Narrowing of the renal artery leading to renal hypoxia and consequently increased renin release and Ang Il
production in the circulation.
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Figure 1 - Major tissues controlling short-term and long-term BP levels.

Major organs and organ systems shown modulate BP via multiple interactions involving different neuroendocrine systems as the
sympathetic nervous system (SNS) and the renin—angiotensin system (RAS). From left to right kidneys, heart, immune system,
brain, baroreceptors, vasculature and adrenal glands are represented. This illustration was created in BioRender.com.

OFNS

Hypertension is characterized by chronically elevated baseline BP levels. Essential
hypertension, also known as primary hypertension, is the most common form of hypertension
diagnosed, affecting around 85-90% of the hypertensive population. The main feature of essential
hypertension is the fact that there is no evident cause. The remaining cases of hypertension are
classified as secondary hypertension in which a known factor causes hypertension as renal artery
stenosis, adrenal adenoma, Cushing's syndrome, and single gene mutations (6, 7). The socio-
medical relevance of hypertension is of great interest, taking recent clinical data and recent
guidelines for hypertension identification and management into account, between 1/3 to 1/2 of
the adult world population is estimated to be hypertensive (8-10). In addition, hypertension
prevalence grew in the last decades especially in low income countries (11, 12). Associated to
environmental and genetic predisposition, primary hypertension is a major risk factor for the
development of cardiovascular diseases such as heart failure and arteriosclerosis as well as
stroke, dementia and renal diseases (8, 11, 13). Currently a major problem in hypertension
management worldwide is that half of the treated patients present uncontrolled hypertension also

known as resistant hypertension despite the large number of drugs available to lower BP.
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Therefore, innovative therapies are needed to manage BP levels in hypertensive patients with
uncontrolled BP (10, 14).

Given that hypertension is a chronic condition, the most obvious treatment would be
targeting the major long-term BP regulator. There have been many debates in the scientific
literature surrounding this topic in the last decades. The classic model developed by Guyton and
Coleman that places the kidney in a central position regulating BP via blood volume was widely
accepted until recently. In this model, a pressure natriuresis curve was described, BP essentially
increases renal perfusion pressure, and sodium and water excretion driving blood volume
depletion to prevent that BP increases. In view of that, all manifestations of hypertension would
be caused by increased blood volume, however, essential hypertension is usually accompanied by
reduced blood volume (15). In the last two decades, the Guyton and Coleman model has been
challenged, and the sympathetic nervous system (SNS) with its ability to connect virtually all
visceral organs emerged as a major organ system integrating the short-term and long-term BP
control (3, 16-19). Moreover, essential hypertension patients usually present increased muscle
SNA, which is the largest vascular bed in the body therefore significantly contributing to baseline
BP. Interestingly, exaggerated SNA is found before hypertension development in humans with
high likelihood to become hypertensive (20-23). Sympathetically driven hypertension is
supported by several recent studies in humans and preclinical models, and it is often referred as
neurogenic hypertension. Note, the SNS modulates renal excretory mechanisms directly via renal
innervation and indirectly via BP levels (pressure natriuresis). Thus, the cause of blood volume
depletion in primary hypertension might be attributed to the high BP levels triggered by increased
SNA supporting that volume depletion during hypertension might be the consequence of
increased renal excretion due to high BP (17, 24).

1.2 The autonomic nervous system

The autonomic nervous system is a self-governing system involved in homeostasis adjustment
and adaptation to changes in the environment. Among physiological functions under autonomic
influence are BP, digestion, body temperature, mineral balance and respiration. Two distinct arms
compose the autonomic system, the SNS and the parasympathetic nervous system. Classically the

SNS is associated with fight-or-flight response while the parasympathetic system with rest and
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digest, and both are known to override each other during different behavioral states. The
reciprocal activity among both arms is achieved due to distinct interconnected brain nuclei which
are responsible for sympathetic and parasympathetic efferent outflow. The neuronal populations
within autonomic centers are subjected to direct modulation by factors as Ang Il and sodium but

also fine-tuned by peripheral sensors (afferent neurons) (3, 25, 26).

1.2.1 The sympathetic nervous system (SNS)

Innervating virtually all organs in the animal's body, the SNS releases neurotransmitters that
control cellular responses at targeted tissues. The most abundant and effector sympathetic
neurotransmitter released is norepinephrine (NE), additionally neuropeptide Y and ATP are co-
released at sympathetic terminals. NE is synthesized within neurons from the amino acid tyrosine
in three enzymatic steps: first tyrosine is converted in L-3,4-Dihydroxyphenylalanine (L-DOPA)
by tyrosine hydroxylase that is also the rate limiting enzyme, second DOPA decarboxylase
converts L-DOPA in dopamine, and finally dopamine is transported into synaptic vesicles where
dopamine B-hydroxylase synthetizes NE from dopamine (27). After NE release by prejunctional
neurons, around 90% of the NE is reuptaken into the presynaptic neuron, around 5% binds to
receptors on cells of a target organ and is internalized and degraded, the remaining NE is readily
degraded at the extracellular space. At targeted tissues, NE binds to two major classes of
receptors, a and B, containing 9 different subtypes (ala, als, alp; a2a, 028, a2c; 1, B2, B3), and
these are all G protein coupled receptors (GPCRs). Importantly, the a2 receptors are also

expressed at presynaptic neurons serving as autoreceptors inhibiting the release of NE (28-30).

At an organizational level, the SNS is composed of presympathetic neurons mainly
originating from two brain areas, the paraventricular nucleus of the hypothalamus (PVN) and the
rostro ventrolateral medulla (RVLM), located in the hypothalamus and brainstem, respectively.
Importantly, there are several brain nuclei projecting and modulating the activity of the two areas
mentioned including the nucleus tractus solitarii (NTS), the subfornical organ (SFO) and the
organum vasculosum of the lamina terminalis (OVLT) (Figure 4). The PVN and RVLM neurons
project to spinal sympathetic preganglionic neurons at the intermediolateral cell column (IML)
which synapses in peripheral sympathetic ganglia releasing mostly acetylcholine. Acetylcholine
stimulates nicotinic receptors on postganglionic neurons that are the neurons effectively

innervating peripheral organs (3, 31, 32) (Figure 2). Peripheral reflexes are sensed by afferent
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neuronal projections of neurons located in the spinal cord at the dorsal root ganglia. Ultimately
the signal reaches the NTS the main nucleus of the brainstem integrating visceral inputs that in
the end lead to downstream efferent responses by modulating RVLM neuronal activity (Figure
2). The NTS projects directly to the RVLM or via the CVLM which contains mostly inhibitory
neurons. Ang Il modulates SNA binding to angiotensin type 1 and type 2 receptors (AT1 and
AT?2) receptors that are expressed by neurons in all mentioned nuclei (Figure 4) (33, 34).
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Figure 2 - Schematic representation of the SNS innervating cardiovascular organs.

The SNS (blue) leaves the brain through the spinal cord projecting to sympathetic ganglia, and postganglionic neurons innervate
peripheral organs as the ones controlling cardiovascular homeostasis. SNS activity is modulated by interconnected brain areas
subjected to modulatory effects of factors as Ang Il, sodium, and stress. Peripheral sensors including baroreceptors,
chemoreceptors, and renal afferents fine tune SNA to maintain BP homeostasis. NE = norepinephrine, EPl = epinephrine.

Modified from Victor, 2015 (35).
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1.2.2 SNS, BP control and a target for hypertension treatment

The cardiovascular homeostasis is well known to be modulated by the SNS as it is seen as
the most relevant system integrating BP control. SNA directly and indirectly affects the cardiac
output and total peripheral resistance. The sympathetic control over the baseline BP levels is
achieved at different organs including the heart, kidneys, adrenal medulla and vasculature (Figure
2). NE binding to B1 adrenergic receptors increases HR and cardiomyocyte constriction. In the
kidney, renal nerves innervate generally three distinct structures (vasculature, renal tubules and
juxtaglomerular apparatus) with well described functions. The renal vasculature is constricted by
sympathetic stimulation increasing renal vascular resistance provoking a reduction in glomerular
filtration rate; tubule cells stimulated by the SNS absorb more water and sodium, and
juxtaglomerular cells stimulation control expression and secretion of Renin (Ren) (16, 36). The
adrenal cortex is a component of the SNS that releases epinephrine (80%) and NE (20%) in the
circulation (37). The body vasculature including smooth muscle cells of veins and arteries as well
as pericytes from capillaries are innervated by the SNS and constrict upon NE release.
Importantly, different peripheral target organs and vascular beds are innervated by distinct
branches of the SNS making a branch specific activation or deactivation possible depending on
local demand. A classic example is the role of differential SNA during exercise to improve

muscle blood flow and oxygenation (3, 38).

Peripheral sensors detect BP, blood volume and blood gas composition to adjust SNA
outflow accordingly, aiming to regulate perfusion and BP. Located at the carotid sinuses, the
baroreceptors sense pressure and are mostly responsible for buffering short-term changes in BP
by altering SNA and HR accordingly. Volume sensitive mechanoreceptors in the heart and lung
respond to changes in blood volume and adjust vascular SNA. Carotid body chemoreceptors
sense hypoxia and are key for blood gas homeostasis triggering respiratory changes but also
modulating vascular SNA (10, 26, 30). Other key sensors are the renal afferents with mechano-
and-chemo sensitive receptors that modulate renal SNA. Normally activation of the renal
afferents suppresses renal SNA in process known as the reno-renal-reflex. Importantly, during
renal pathologies the reno-renal-reflex might operate inversely and additionally overstimulate
vascular SNA (Figure 2). At each cardiac cycle BP is sensed by the baroreceptors strongly

rebounding pressor and depressor variations therefore keeping short-term BP levels constant.
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However, the baroreceptors are unable to control the long-term BP levels because their neuronal
firing activity resets to a new BP set-point e.g during hypertension when long-term baseline BP
changes to a new level. On the other side resting SNA has been attributed as the major factor
controlling the long-term BP levels. Several locally produced substances or circulating
substances modulate the activity of neuronal populations critical for resting SNA control
including sodium, leptin and Ang 11 (30, 39, 40).

The first successful therapies to lower BP in hypertensive patients were developed in the
1940s and targeted the SNS. Either chemically or surgically, these interventions lowered the
overall SNA across the body leading to BP reduction but also several side effects (12).
Nowadays, the understanding of the mechanisms behind SNA control in physiology and
pathophysiology grew. Different manifestations of hypertension as those associated to high salt
intake or obesity display distinctly altered patterns of SNA branch distribution often referred as
sympathetic signatures (17, 39, 41). Therefore, specific sympathetic branch ablation or inhibition
have been developed and are being implemented in patient care. The most advanced therapy is
renal denervation which has shown success in lowering BP of patients with drug-resistant
hypertension. The benefits are not yet fully described but the above-mentioned renal mechanisms
modulated by SNA are potentially involved as those triggered by pathological afferent nerve
activation. Other therapies include chronic baroreceptor stimulation, and carotid body ablation
which ultimately will reduce SNA especially to the vasculature leading to baseline BP levels
reduction (42, 43).

1.3 The renin-angiotensin system (RAS)

Research on the RAS started in 1898 when Tigerstedt and Bergman observed the presence of a
pressor compound in rabbit renal extracts when injecting in recipient animals (44). Because of the
renal origin this component was named renin (Ren). Decades later in the 1930s, Harry Goldblatt
proved that BP increases due to Ren secretion upon renal arterial blood flow restriction in dogs
based on observations from autopsied patients who died from fulminant hypertension (45). The
notion that Ren forms a vasoactive substance by interacting with some blood-derived protein was
discovered in parallel by two different groups of Irvine Page and Braun Menendez in 1939 and

1940, respectively. The formed unknown substance was named hypertensin and angiotonin by

-23-



Introduction

the different groups that later agreed on a fused name “angiotensin” (46). Shortly after, it was
discovered that two angiotensin peptides exist in the circulation (Ang | and Ang I, Figure 3), and
that Ang | is inactive, but it is converted in circulation to the active peptide Ang Il (47).

In the last three decades, it became clear that the RAS is comprised of various peptides
with specific receptors acting on the cardiovascular system (Figure 3). These newly discovered
peptides are in most of the cases classified as protective peptides of the RAS, essentially having
antagonistic effects on those elicited by Ang I1, except Ang 11 which has a similar affinity for the
AT1 and AT2 receptor as Ang Il (48, 49). Perhaps the most expressive example is Ang 1-7 which
is a degradation product of Ang Il produced by at least three distinct enzymes including
angiotensin converting enzyme 2 (ACE2). Later, ACE2 was characterized to have other
physiological roles beyond Ang Il metabolism including gut tryptophan uptake as well as being
the viral entry receptor for SARS-CoV and SARS-CoV-2 (50). A current overview of all RAS

peptides, receptors, pathways, and physiological relevance is displayed in Figure 3.

1.3.1 Classical RAS

Over 100 years after the initial postulation of the RAS existence, the classical RAS
peptide production has been understood in terms of enzymes and tissue expression. The two
enzymatic steps required to form Ang Il in the circulatory system involves Ren and angiotensin
converting enzyme (ACE) (Figure 3). However, some aspects are not yet fully described, perhaps
the most intriguing aspect surrounds the Ren production and activation. In adult animals, Ren is
produced as a proenzyme by renal juxtaglomerular cells, part of Ren is constitutively secreted
~90%, and part stored in secretory vesicles ~10% where it is activated. Part of constitutively
secreted Ren is most likely activated in the circulation, but the mechanisms are not fully defined.
Stored Ren is released on demand by the influence of several factors including SNA, BP and
nitric oxide (NO), occurring for example during acute bleeding (51). During renal development,
Ren positive cells are abundant and give origin to smooth muscle cells of afferent arteriole,
arterioles and arteries. If homeostasis is threat, in adult life, e.g dehydration and hypotension
smooth muscle cells of the renal vascular tree retransform into Ren expressing cells to increase

blood Ang Il levels. This mechanism is driving by different stimuli including NE and
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prostaglandins that recruit the cAMP pathway triggering the nuclear translocation of the
transcription factor CREB® (36). Angiotensinogen (Agt), the precursor protein of all RAS
peptides, is secreted by the liver hepatocytes into the circulation after losing its signal peptide
(52, 53). The only known substrate for Ren is Agt, the reaction results in the production of Ang |
that comprises the 10 initial amino acids of the N-terminal sequence of Agt. Ang I is an inactive
peptide that is cleaved at its C-terminal portion by ACE to form the potent octapeptide Ang II.
Ang Il formation mostly takes place in the pulmonary circulation because the transmembrane

enzyme ACE is abundantly expressed by lung endothelial cells (33) (Figure 3).

The octapeptide Ang Il directly or indirectly regulates cardiovascular function and
hydromineral balance via its receptors that are expressed at all cardiovascular relevant organs.
Ang Il binds to AT1 and AT2 receptors that are coupled primarily to Gg11, and G;, respectively.
Most of the physiological effects of Ang Il are mediated via the Ang II/AT1 axis. The AT2
receptor generally has antagonistic effects, and it is included in the protective arm of the RAS
(33) (Figure 3). In addition to the G-protein signal, the Ang II/AT1 axis is recognized to activate
several G-protein independent pathways including mitogen-activated protein kinase and B-
arrestin dependent signaling (48). Ang Il signaling seems to be important during embryonic
development, a well-documented example is the role of the Ang II/AT1 receptor during renal
development (54). Importantly, rodents have two isoforms of the AT1 receptor ATla and AT1b
encoded by the genes Agtrla and Agtrlb, respectively. However, the ATla is the most

abundantly expressed and relevant receptor for cardiovascular control (52).

3 CREB = cAMP response element-binding protein
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Figure 3 - Current overview of the RAS peptides and its physiological roles.

(a) RAS peptides, RAS enzymes, and RAS receptors. Downstream receptor signaling effects including cellular and physiological
responses are included in the boxes next to the receptors. Red arrows indicate the classical RAS, highlighting the production of
Ang Il and the binding of the octapeptide to its two receptors (AT1 and AT2). Effector peptides showed in pink boxes indicate
canonical RAS (associated to deleterious effects), and effectors in blue the non-canonical (protective arm, counteracts the effects
of Ang Il). Mixed color indicates peptides with both effects. (b) Amino acid sequence of the Agt and RAS peptides. Angiotensin
converting enzyme = ACE and Ren cleaving site are showed by the blue arrows. Ang = angiotensin, AD = aspartate
decarboxylase, ADH = antidiuretic hormone =AVP, APA = aminopeptidase A, APN = aminopeptidase N, NEP = neprilysin, PEP
= prolylendopeptidase, PRCP = prolylcarboxypeptidase, THOP = thimet oligopeptidase. Modified from Bekassy et al. 2021 (55).
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1.3.2 Tissue RAS

Besides the classical RAS forming Ang Il in the circulation, the presence of local RAS systems
has been described in diverse cardiovascular tissues. This concept started with the studies from
Detlev Ganten that demonstrated Ren-like activity and angiotensin peptides formation in tissues
including the brain (56-58). RAS components are either expressed in tissues or imported from
the circulation to locally form angiotensin peptides (33, 59, 60). Ren, Agt and ACE infiltrate
tissues. Endothelial ACE might be shedded from the cell membrane and retain reduced enzymatic
activity to metabolize Ang | to Ang Il. The functional production of angiotensin peptides in
different organs of the cardiovascular system is supported by elegant studies on animal models
that demonstrated cardiovascular responses to local tissues specific-RAS ablation or
overexpression (61-65). In addition, the benefits of RAS blockers as a treatment for hypertension
is suggested to be due to local tissue RAS suppression (66). This idea was strengthened in a study
that demonstrated BP reduction in spontaneously hypertensive rats treated with a specific SIRNA
against liver Agt. The treatment reduced tissue Agt and Ang Il while circulating Agt levels were
reduced but not Ang Il levels (by Ren compensatory mechanisms), showing a key role of tissue
Ang 1l and circulating Agt to infiltrate tissues and locally form Ang Il which is relevant for BP

homeostasis (67).

1.3.3 Brain RAS

Different from all peripheral organs, the brain is isolated from most of the circulating substances
by the blood-brain-barrier (BBB). RAS components do not cross the BBB including Ang I,
except in pathological conditions such as hypertension where Ang Il penetrates the BBB. Brain
Ang 1l is recognized to modulate SNA, arginine-vasopressin (AVP) release, thirst and salt
appetite. These responses are complex considering that Ang Il receptors are expressed in most of
the cardiovascular nuclei mediating the physiological responses whilst neuronal nuclei modulate
each other by sending projections (Figure 4). Some of these nuclei are subjected to actions of
circulating Ang Il because these neuronal populations are positioned in brain areas where the
BBB lacks the typical tight junction formation (68). These areas are important peripheral sensors

of the brain. Thirst, salt appetite and AVP as well as SNA are triggered by blood-borne Ang Il
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binding to AT1 receptors at the SFO and OVLT (Figure 4). In addition, other brain nuclei
protected by the BBB, including the PVN and RVLM, express AT1 and AT2 receptors and are
known to control AVP release and SNA (Figure 4). Another well characterized cardiovascular
center within the BBB is the NTS where Ang Il modulates the baroreflex function. Thus, local
actions of Ang Il on these areas not accessible to blood-borne Ang Il are presumably from locally
formed Ang Il when the BBB is intact (33, 69, 70) (Figure 4).

Areas accessible to Ang 11
Areas not accessible to Ang 11
= Angiotensinergic pathways

— Physiological effects

owr /|
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Thirst AVP release : \ Sympathetic output
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Figure 4 - Schematic representation of cardiovascular brain nuclei responsive to Ang I1.

There brain nuclei marked in red are accessible to circulating Ang Il. Other brain areas marked in blue are within the BBB
therefore brain-borne Ang Il acts on these neuronal populations. SFO = subfornical organ, PVN = paraventricular nucleus, RVLM
= rostral ventrolateral medulla, CVLM = caudal ventrolateral medulla, NTS = nucleus tractus solitarii, SON = supraoptic nucleus,
OVLT = organum vasculosum of the lamina terminalis, AVP = arginine vasopressin. Modified from: Bader, 2010 (33).

The RAS precursor protein Agt is an abundant protein produced and secreted mostly by
astrocytes (~90%) in the brain (71, 72). Ren is the limiting factor for brain Ang Il production
because its expression levels and activity in the brain are very low. Brain ACE expression is
mostly abundant on brain endothelial cells and choroid plexus, neurons have a lower ACE
production including neurons at cardiovascular nuclei like SFO and PVN (73). In vivo
experiments support ACE functional formation of Ang Il in the brain extracellular space because
injections of Ren in the brain of rodents triggers the same effects of Ang Il which are an increase
in BP and thirst, and these responses are blocked by ACE or AT1 blockers. Ang Il receptors are
expressed predominantly by neurons, some studies using techniques as immunofluorescence
demonstrated Ang Il receptors on glial cells. However, in situ hybridization and reporter mouse
lines showed neuronal exclusive expression of ATla and AT2 receptors, and normally the
expression of the different receptor subtypes does not overlap (74, 75).
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In rats, brain Ren activity represents only 2.5% of the plasma activity. However, if the
rats are prior perfused, a 60% reduction in brain Ren activity is observed meaning that most of
the “brain Ren activity” measured is actual blood-derived Ren. Another level of complexity is
that brain Ren is expressed by neurons. In these neurons a splice variant encodes a truncated
version of Ren that is enzymatically active because the signal peptide sequence and part of the
pro sequence are not encoded. Thus, this truncated form remains restricted in the cytoplasm (76—
78). The remaining extreme low amount of secreted Ren represents only ~2% and must be
activated by yet unknown mechanisms. One candidate that was proposed to solve this puzzle is
the prorenin receptor. This single transmembrane receptor protein is ubiquitously expressed by
neuronal cells. Ren and prorenin bind to the prorenin receptor, the binding of the prorenin
promotes a non-enzymatic activation of Ren, rearranging the 43 amino acid prosegment thereby
exposing the catalytic site (Figure 3). However, the binding affinity seems to be too low to even
activate the high levels of Ren in the circulation (79). Thus, researchers are starting to abandon

this concept while the brain Ang Il formation remains controversial.

1.3.4 RAS, BP control and a target for hypertension treatment

The RAS with its powerful peptide hormone Ang Il is a major system controlling BP and water
balance. Ang Il stimulates blood volume increase directly by thirst and salt appetite, or indirectly
stimulating the release of the hormones AVP and aldosterone, from the brain and from the
adrenal cortex, respectively. AVP modulates renal water reabsorption and has vasoconstrictor
properties while aldosterone stimulates sodium reabsorption by the kidneys. In addition, Ang Il
itself controls renal sodium and water reabsorption. BP control exerted by the Ang Il formation
besides volume expansion includes the vascular constrictor action of Ang IlI, and SNA
modulation. Ang II/AT1 axis has been associated to end-organ damage with the potential to
contribute to hypertension. These damages caused by Ang Il include several organs controlling
BP, cardiac hypertrophy, vascular dysfunction, baroreceptor signal dumping and immune cell
activation. Reactive oxygen species formation, inflammation, and fibrosis are among the cellular

mechanism of the pathology triggered (6, 33).
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Currently RAS blockers and diuretics are the most prescribed drugs to pharmacologically
treat hypertension. RAS blockers are designed to reduce Ang Il reactivity. Thus Ren, ACE and
AT1 receptor blockers are given to patients with hypertension to manage their BP. The first RAS
inhibitors developed were ACE inhibitors introduced in the 1980s, later AT1 blockers and Ren
inhibitors were introduced sequentially (8, 80). AT1 and ACE blockers are the most prescribed
RAS blockers and some of these drugs as candesartan and lisinopril penetrate the BBB
potentially blocking brain AT1 receptors and brain ACE activity, respectively. RAS blockers are
largely prescribed due to its efficacy in view that Ang Il modulates BP at different organs. In
comparison to SNS blockers as a1l blockers, blocking the RAS reactivity has reportedly less side
effects (81, 82).

1.4 Interaction between RAS and SNS

RAS and SNS modulate each other’s activity. There is evidence that Ang Il does not only
modulate SNA at the brain level, but also in the spinal cord, sympathetic ganglia, and
postganglionic neurons. Prejunctional neurons express AT1 receptors and Ang Il facilitates NE
containing vesicles release via membrane depolarization (30, 35, 83, 84). Also, Ang Il
contributes to the release of epinephrine and NE from the adrenal medulla. Another well-known
interaction node is the renal sympathetic modulation of the RAS rate-limiting enzyme Ren
expression and release in the kidney. Ren is controlled by NE via B-adrenergic receptor binding
which is coupled to Gs that triggers the production of cAMP and thereby Ren expression and

release (36).

1.5 Vascular tone and BP control

Arteries are essentially constituted of three layers from the inside out: endothelial cells, smooth
muscle, and adventitia. Blood vessels are composed of several layers of smooth muscle cells.
Smooth muscle cells are capable to constrict and relax in response to neurohumoral factors
modulating the vascular caliber that influences peripheral resistance and ultimately BP. The
vascular tone of a blood vessel is the relative constriction level of the maximal dilated capacity of
this vessel. Several substances such as Ang Il, NE, AVP, endothelin-1 serotonin, bradykinin,
neuropeptide Y, ATP and many others act locally on vascular smooth muscle cells and modulate

the vascular tone. Vasoactive substances might be produced in the circulation (modulating the
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systemic vascular tone) or locally (modulating the local vascular tone) like during muscle
exercise. Sympathetic terminals innervate the smooth muscle cell layer and locally release its
vesicular content. Because the SNS has a branch-specific activity the vascular adrenergic tone is
a very important system to control local blood flow and redistribute blood throughout the body
(27, 38).

Vasoconstrictors and vasorelaxants usually act on vascular smooth muscle receptors
recruiting different intracellular pathways. These intracellular pathways modulate the levels of
cytoplasmatic calcium by extracellular calcium entry or release from the endoplasmic reticulum
reservoir. Calcium is essential to trigger vasoconstriction by forming the calcium-calmodulin
complex which leads to myosin light-chain kinase activation. Active myosin light-chain kinase
fosters the interaction between myosin and actin by phosphorylation of myosin resulting in
vasoconstriction. In addition, vasoactive substances may trigger vasoconstriction via calcium
independent mechanism involving RhoA/ROCK kinase pathway which directly or indirectly

inhibits myosin light chain phosphatase activity (85, 86).

The monolayer of endothelial cells play an important role modulating the vascular tone.
The smooth muscle contractile machinery is modulated by endothelium-derived relaxing factors,
including NO, prostaglandins, and endothelium-derived hyperpolarizing factor. The vasorelaxant
properties of NO are the most studied. NO is produced from the amino acid L-arginine by three
distinct NO synthases, endothelial cells have a specific isoform termed endothelial NO synthase.
NO production is stimulated by several substances binding to endothelial receptors including Ang
I, NE, endothelin-1, acetylcholine as well as shear stress that activates NO synthase without a
ligand. Calcium-calmodulin dependent mechanisms activate also endothelial NO synthase (87).
NO easily diffuses across cell membranes and causes vasodilation acting within smooth muscle
cells. NO binds and activates soluble guanylyl cyclase triggering cyclic guanosine
monophosphate (cGMP) production that leads to vasorelaxation by different mechanisms
including reduction of extracellular calcium uptake and reticular release, hyperpolarization by
cytoplasmic potassium extrusion and myosin light chain phosphatase activation (88).
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1.6 The blood and hematopoieses

The blood is an essential media that connects all organs in the body by transporting
hormones, nutrients, metabolic waste and gases, such as Oz and CO». Additional functions of the
blood for homeostasis regulation includes the pH control in cooperation with the kidneys,
temperature control via vascular responses, immune response by transporting immune cells, and
injury repair by platelet activation. The blood is essentially composed by a liquid matrix (plasma)
and cellular components including red blood cells (RBC), white blood cells (WBC) and platelets.
The plasma fraction of the blood is usually the most abundant ~55%, the remaining are cellular
components. The major plasma component is water ~90% and the other ~10% are organic and

inorganic substances, such as proteins and ions (89, 90).

Among the cellular elements of the blood, RBC also called erythrocytes comprise around
99% of all circulating cellular mass. Their main function is to make the gas exchange between the
lungs and other tissues. Hematopoiesis defines the process of formation of all blood cell types
including erythrocytes. Hematopoietic stem cells (HSC) give origin to all blood cells and have
the capacity to self-renew. Therefore, the blood has a highly regenerative capability because HSC
constantly renew the blood’s cellular component across the entire life-span (91, 92). The bone
marrow has specific microenvironments named niches where HSC amplify and differentiate. To
assure homeostatic self-renewal and production of all blood cells, HSC activity is regulated by
gene expression, metabolism, as well as local (produced by niche cells including macrophages

and endothelial cells) or external neurohumoral modulators (92).
1.7 Erythropoiesis

Erythrocytes have a life cycle of ~120 days in humans and ~40 days in mice therefore these cells
are constantly renewed in a process known as erythropoiesis (93). There are two kinds of
erythropoiesis during life, primitive and definitive, during fetal development and adult life,
respectively. Fetal erythropoiesis involves RBC production by the liver and spleen. As the animal
grows erythropoiesis is transferred to the bone marrow during adult life. Erythropoiesis might be
transferred back to spleen and liver in adulthood during certain pathological conditions or insults,
such as anemia (94). In the adult bone marrow, erythropoiesis starts with hematopoietic cell

lineage-commitment of pluripotent myeloid progenitor cells, these differentiate into erythroid
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progenitors, precursors, and finally into RBC (Figure 5). Each process of cellular differentiation
is controlled by changes in gene expression patterns that are tightly controlled by the action of
several cytokines including erythropoietin, iron, and oxygen levels among others (95, 96).
Progenitor cells (BFU-E, burst-forming unit erythroid and CFU-E, colony-forming unit
erythroid) are classified based on the properties of these cell types in producing erythroid cells in
culture. Erythroid precursors form and develop in an erythroblast island which is surrounded by a
central macrophage. It plays a key role during the differentiation steps, and at the end it

phagocytes the extruded nucleus during enucleated RBC formation (Figure 5) (96).
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Figure 5 - Overview of the bone marrow erythropoiesis.

Dynamic process of differentiation of hematopoietic stem cell (HSC) to red blood cell (RBC) starting in the bone marrow and
finishing in the circulation. HSC gives origin to erythroid progenitors (BFU-E = burst forming unit and CFU-E = colony forming
unit). Erythropoietin promotes survival and proliferation of CFU-E. Erythroid precursor development based on distinct
morphological features as progressive size decrease and nuclear condensation. Basophilic erythroblasts (BasoE) express the
transferrin receptor. Orthochromatic erythroblasts (OrthoE) divides into two cells, one with a condensed nucleus pyrenocyte and
another enucleated reticulocyte (Retic) that will maturate in RBC in the circulation. MAC = macrophage, ProE = proerythroblasts,
PolyE = polychromatophilic erythroblasts. Modified from Palis, 2015 (96).

Erythropoietin and iron are major factors required for physiological baseline
erythropoiesis. The production of erythropoietin takes place primarily in renal cortical fibroblasts,
and the major stimulus controlling erythropoietin expression is the reduction of renal oxygen
levels. During hypoxia, HIF-2a increases erythropoietin expression to increase erythropoiesis.
Erythropoietin acts as an antiapoptotic factor binding to its receptor expressed by progenitor
cells. Erythroid progenitor proliferation and differentiation are stimulated by erythropoietin, thus,
favoring erythropoiesis (Figure 5). Moreover, the knockout of erythropoietin and erythropoietin
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receptor are incompatible with life leading to death during gestational development in mice,

highlighting the essential role of this element for RBC production (97, 98).

The iron cation contained in the heme group of hemoglobin is the core component
because it binds to oxygen molecules to be transported by RBC in the circulation. The circulating
iron concentration during erythropoiesis is a critical direct determinant for the synthesis of
hemoglobin. The ferritin receptor is expressed by basophilic erythroblasts and internalizes iron
making it available for the synthesis of the heme group during this erythropoietic step (96, 98)
(Figure 5).

1.7.1 Iron homeostasis

Iron is an essential metal for cellular functions; however, the body iron homeostasis needs to be
tightly controlled because iron in excess is very toxic. Circulating or intracellularly stored iron is
majorly (~98%) bound to proteins because free iron has redox properties producing free radicals
by Fenton reaction. Insufficient iron is related to anemia development while iron excess is
associated with iron accumulation in tissues and organ damage. The body balance of iron levels
involves different cell types including gut enterocytes, erythrocytes, macrophages, and
hepatocytes, most of these cells import, store and export iron. Iron uptake takes place mostly in
the duodenum and proximal jejunum by enterocytes expressing the divalent metal transporter 1
(DMT1) and ferroportin that uptakes iron from the intestinal lumen and exports it into the
circulation, respectively. In the gut lumen Fe®" is enzymatically reduced to Fe®" that enters
enterocytes and binds to ferritin or goes into the blood stream via ferroportin. In the circulation,
iron is oxidized to Fe** and carried by transferrin, and specific transferrin receptors are
indispensable to deliver iron to different cell types by receptor mediated endocytosis. Within
endosomes iron is released from transferrin, reduced to Fe?* and enters the cytoplasm via DMT1.
Cytoplasmic iron either binds to ferritin for storage or is exported to the blood stream by
ferroportin closing the cycle (99-101).

During physiological conditions most of the iron content in the organism is recycled from
senescent RBC that are phagocytosed by spleen and liver resident macrophages. These resident
macrophages express heme oxygenase which degrades the heme group and releases free iron that
moves into the circulation for reuse. Only around 5-10% of the iron is absorbed by enterocytes to
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compensate daily body iron loss. The iron absorption process is controlled mostly by a peptide
hormone expressed by the liver named hepcidin. Hepcidin modulates iron uptake binding to
ferroportin forcing the internalization of the iron exporter. Hepcidin, additionally, inhibits organ
stored iron release leading to tissue iron accumulation in conditions of iron overload. The
transcriptional regulation of hepcidin is dictated by circulating and tissue iron concentrations that
are sensed by liver sinusoidal endothelial cells. High levels of iron induce these endothelial cells
to release ligands that activate hepatocyte hepcidin expression. In addition, inflammatory
cytokines as interleukin-6 directly control hepcidin expression by binding to hepatocytes (100,
102).

1.7.2 SNS and erythropoiesis

The bone and bone marrow are innervated by the autonomous system. Sympathetic nerves enter
the bone via the nutrient foramen and sympathetic terminals are found in close proximity with the
bone marrow niche (103). A well characterized role of the SNS is the modulation of the HSC
niche, where SNA is recognized to mobilize HSC from the bone marrow into the circulation in a
circadian fashion that relies on the circadian pattern of SNA. The mobilization of HSC is key to
replace tissues resident immune cells, and during immune modulatory responses to injury (91).
Not only HSC but also progenitors and other cells in the bone marrow express adrenergic
receptors. Therefore, the modulatory role of the SNS on erythropoiesis is rather complex
involving direct modulatory actions on progenitor cells or indirect via modulating the release of
factors as cytokines by other cells of the niche. Because of the highly complex interaction
between the SNS with other factors regulating erythropoiesis in physiological and pathological
conditions, the role of NE is not precisely defined and most likely differs depending on
homeostatic conditions. Clinical evidence points to a certain role of the SNS in baseline
erythropoiesis because patients with autonomic failure (impaired SNA) develop anemia. This
effect can be reproduced in rodents subjected to peripheral ablation of the SNS (104, 105).

1.7.3 RAS and erythropoiesis

Erythropoietin is connected to the RAS because renal cortical fibroblast producing erythropoietin

precursor cells are Ren-expressing cells during embryonic development. Extreme examples
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involving gene manipulation in rodents leading to HIF-20 accumulation led to erythropoietin
production in Ren cells. The opposite has also been observed during anemia, fibroblast normally
producing erythropoietin may start to produce Ren (36). Interestingly, precursor cells expressing
Ren are not exclusive to the kidney, but they were found across the body. There are tissues where
the Ren expression is restricted to embryonic development and there are tissues in which
precursors are expressed in adulthood these include bone marrow and spleen. Bone marrow Ren
positive cells are precursors of B-lymphocytes. In the bone marrow, not only Ren but all genes
encoding proteins of the classical RAS were identified in different stromal cell types, thus,
angiotensin peptides might be locally formed or imported from the circulation. The AT1 receptor
expression has been identified in HSC progenitors expressing CD34 as well as erythroid
progenitors (106, 107).

There have been associations between the RAS and erythropoiesis. Most of the
knowledge originated in clinical observations from patients treated with RAS blockers. Some of
these patients develop anemia during a long-term RAS blockade. These findings have been
further studied in knockout mouse models and it turned out that the Ang II/AT1 axis influences
erythropoiesis (108). In addition, either hypertensive patients with increased circulating RAS
often estimated by plasma Ren activity or preclinical models of hypertension chronically infused
with Ang Il present an increased hematocrit. The mechanism whereby Ang Il increases
erythropoiesis is not yet precisely dissected. Mechanisms suggested operating via the Ang II/AT1
axis include erythropoietin expression and secretion by activation of the transcription factor Egr-
1 at erythropoietin positive renal fibroblasts. Another proposed mechanism is that Ang Il acts on
bone marrow erythroid precursor cells as a growth factor similarly to erythropoietin stimulating
growth and differentiation (109, 110).
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2 Aims of the study

Primary hypertension characterized by chronic elevation of BP with an unknown origin is the
most prevalent form of hypertension. Cumulated research data rendered the SNA the major long-
term BP regulator, thus, a potential target for therapies to treat hypertension. However, global
SNA inhibition leads to unwanted side effects and the regulation of its branch-specific activation
is very complex and incompletely understood. Therefore, the major aim of this work goes
towards further understanding the modulatory effects of the RAS on SNA relevant for BP
control, especially focusing on the role of brain-borne Ang Il using gain and loss of function

rodent models.

2.1 Specific aims

e Confirm and understand the brain pathway(s) of Ang Il production using a novel
transgenic mouse model with brain specific increased Agt synthesis.

e Study the impact of increased brain Ang Il on cardiovascular modulation, focusing on the
SNA control to cardiovascular organs.

e Implement a genome-wide-association-study (GWAS) to understand the molecular basis
of the unexpected BP phenotype in FVB/N mice lacking Agt globally (Agt-KO).

e Evaluate the impact of gain and loss of function in the RAS on erythropoiesis, with a
special focus on the role of brain-borne Ang I1.

e Use CRISPR/Cas9 to generate novel channelrhodopsin 2 knockin rats to study the
sympathetic control of BP exerted by neurons expressing the Ang Il type la receptor
(AT1a).
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3 Material and methods

3.1 Materials

3.1.1 Chemicals, reagents, buffers and solutions

A list of chemicals and reagents used in this study is provided below as purchased buffers and
solutions (Table 1). Buffers and solutions that were prepared are included in their respective
methodology sections. If not indicated buffers and solution were prepared and/or diluted with

ultrapure water (Milli-Q). The desired pH was adjusted using a pH meter and NaOH or HCI

solutions.

Table 1 - Chemical and reagents.

Chemical or reagent

Manufacturer (location, country)

2-methylbutane (isopentane)

Acetic acid glacial

Acrylamide and bisacrylamide stock solution Rotiphorese® Gel 30 (37,5:1)
Agarose

Alt-R® S.p. Cas9 Nuclease

Ammonium Persulfate (APS)

Ampicillin

Ampicillin

Ascorbic acid

Bicinchoninic acid solution

Bovine Serum Albumin (BSA)
Bromophenol blue

Chloroform

Complete, protease inhibitor cocktail tablets
Copper (I1) sulfate solution
D(+)-Saccharose

Deoxyribonucleotide (ANTP)
Diethylpyrocarbonate (DEPC)

Dimethyl sulfoxide (DMSO)

Disodium phosphate (Na2HPOa)

Eosin Y solution

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Biozym (Oldendorf, Germany)
IDT (Newark, USA)
Sigma-Aldrich (St. Louis, USA)
Serva (Heidelberg, Germany) or
Life Technologies (Carlsbad, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
Roche (Basel, Schweiz)
Sigma-Aldrich (St. Louis, USA)
Carl Roth (Karlsruhe, Germany)
Bioline (London, UK)

Serva (Heidelberg, Germany)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)

Sigma-Aldrich (St. Louis, USA)
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Chemical or reagent

Manufacturer (location, country)

Ethanol

Ethidium Bromide
Ethylenediaminetetraacetic acid (EDTA)
Eukitt® Quick-hardening mounting medium
Gel loading dye Purple (6x)

Glycerol

Glycine

Hematoxylin Solution

Heparin Sodium, 5.000 U/mL
Hydrochloric acid 37% (HCI)
Isopropanol

LB-Agar (Luria/Miller)

LB-Medium (Luria/Miller)

Methanol

MicroAmp Optical Adhesive Film

Normal donkey serum

Nuclease-free water

Odyssey® Blocking Buffer

Odyssey® two-color protein molecular weight marker
Paraffin

Paraformaldehyde Solution (PFA), 4% buffered
Phenol

Phosphatase inhibitor cocktail tablets, PhosStop
Phosphate buffered saline (PBS)

Picric acid solution, 1.3%

Ponceau S

Potassium Acetate

Potassium chloride (KCI)

Potassium dihydrogenphosphate (KH2PO4)

Procaine hydrochloride solution, 1 %

Random primers

Revert Total Protein Stain

RIPA Buffer (10X)

RNAlater®

RNAsin® Ribonuclease Inhibitor (Rnasin)

Berkel AHK (Berlin, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)

New England Biolabs (Ipswich, USA)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)

B. Braun (Melsungen, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany))

Carl Roth (Karlsruhe, Germany)
Chemsolute/ Th.Geyer (Renningen, Germany)

Applied Biosystems (Foster City, USA)

dianova Jackson ImmunoResearch (West Grove,
USA)

Promega (Fitchburg, USA)

LI-COR Bioscience (Lincoln, USA)
LI-COR Bioscience (Lincoln, USA)
Carl Roth (Karlsruhe, Germany)
Otto Fischar (Saarbruicken, Germany)
Sigma-Aldrich (St. Louis, USA)
Roche (Basel, Schweiz)
Sigma-Aldrich (St. Louis, USA)
Applichem (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, USA)

Merck (Darmstadt, Germany)

Steigerwald Arzneimittelwerk (Darmstadt,
Germany)

Promega (Fitchburg, USA)

LI-COR Bioscience (Lincoln, USA)

Cell Signaling Technology (Danvers, USA)
Sigma-Aldrich (St. Louis, USA)

Promega (Fitchburg, USA)
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Chemical or reagent

Manufacturer (location, country)

Roti-load 1 protein loading buffer
Rotiphorese TAE Buffer, 50x

Sirius red F3B (Direct Red 80)

Sodium acetate

Sodium carbonate (Na2CO3)

Sodium chloride (NaCl)

Sodium citrate

Sodium disulfite

Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)
Tetramethylethylenediamine (TEMED)
Tissue-Tek® OCT™ Compound
Tris(hydroxymethyl)aminomethane
Triton X-100

Trizol® (Invitrogen)

Tween-20

Vectashield® Mounting Medium with DAPI
Xylene

B-Mercaptoethanol

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, USA)
Serva (Heidelberg, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Sakura (Staufen, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)

Thermo Fisher Scientific (Waltham, USA)

Sigma-Aldrich (St. Louis, USA)

Vector Laboratories (Burlingame, USA)

Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)

3.1.2 Drugs administered in vivo

Table 2 - Drugs used for in vivo administration in this study.

Substance (injected intravenously)

Manufacturer (location, country)

Company reference

Angiotensin Il acetate salt (Ang 1)
CV 11974 (Candesartan)
Dexmedetomidine hydrochloride
Endothelin-1

Hexamethonium bromide

Nifedipine

No-Nitro-L-arginine methyl ester hydrochloride (L-NAME)
Phenylephrine

Prazosin hydrochloride

Sodium nitroprusside dihydrate (SNP)
Tyramine

Y-27632 dihydrochloride

Yohimbine hydrochloride

Bachem (Bubendorf, Switzerland)
Tocris (Bristol, UK)

Tocris (Bristol, UK)

Tocris (Bristol, UK)
Sigma-Aldrich (St. Louis, USA)
Tocris (Bristol, UK)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Tocris (Bristol, UK)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Tocris (Bristol, UK)
Sigma-Aldrich (St. Louis, USA)

05-23-0101
4791/10
2749
1160
HO0879
1075
N5751
P1250000
0623
71778
T90344
1254
Y3125

Substance (injected intraperitoneally)

Manufacturer (location, country)

Company reference

6-Hydroxydopamine hydrochloride (6-OHDA)
Sterile Saline (NaCl, 0.9 %)

Sigma-Aldrich (St. Louis, USA)
B. Braun (Melsungen, Germany)

4006473
06063042
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3.1.3 Elisa, kits, molecular weight markers and enzymes

Table 3 - Elisa, kits, molecular weight markers and enzymes used in this study.

Elisa

Manufacturer (location, country)

Human/Mouse/Rat Copeptin EIA Kit
Norepinephrine ELISA kit (Noradrenaline)

RayBiotech (Peachtree Corners, USA)
LDN (Nordhorn, Germany)

Kits

Manufacturer (location, country)

Bicinchoninic Acid (BCA) Protein Assay Kit
GeneJET RNA Purification Kit

GenElute™ Mammalian Genomic DNA Miniprep Kits
Guide-it Long ssDNA Production System
Nitrate/Nitrite Colorimetric Assay Kit

PureYield™ Plasmid Maxiprep System

RNAscope 2.5 HD Reagent Kit-RED assay

Wizard ® SV Gel and PCR Clean-Up System
Wizard® HMW DNA Extraction Kit

Sigma-Aldrich (St. Louis, USA)

Thermo Fisher Scientific (Waltham, USA)
Sigma-Aldrich (St. Louis, USA)

Takara (Kyoto, Japan)

Cayman (Michigan, USA)

Promega (Fitchburg, USA)

ACD (Newark, USA)

Promega (Fitchburg, USA)

Promega (Fitchburg, USA)

Molecular weight markers

Manufacturer (location, country)

Precision plus protein™ standards all blue
Quick-Load®© 1 kb DNA ladder
Quick-Load®© 100 bp DNA ladder

Bio-Rad Laboratories (Hercules, USA)
New England Biolabs (Ipswich, USA)
New England Biolabs (Ipswich, USA)

Enzymes

Manufacturer (location, country)

Alkaline Phosphatase, Calf Intestinal (CIP)
DNase I recombinant

GoTag® gqPCR Master Mix

Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV)
Phusion® High-Fidelity DNA Polymerase
Proteinase K

Restriction enzymes

RNAse A

RNasin® Plus RNase Inhibitor:
T4-DNA-Ligase

T4 Polynucleotide Kinase (T4 PNK)

T7 RNA Polymerase Plus

Taq DNA Polymerase with ThermoPol Buffer

New England Biolabs (Ipswich, USA)
Roche (Basel, Schweiz)

Promega (Fitchburg, USA)

Promega (Fitchburg, USA)

New England Biolabs (Ipswich, USA)
Carl Roth (Karlsruhe, Germany)

New England Biolabs (Ipswich, USA)
Promega (Fitchburg, USA)

Promega (Fitchburg, USA)

Promega (Fitchburg, USA)

Promega (Fitchburg, USA)

Thermo Fisher Scientific (Waltham, USA)
New England Biolabs (Ipswich, USA)

3.1.4 Oligonucleotides

All oligonucleotides used for polymerase chain reaction (PCR), reverse transcriptase PCR (RT-

PCR), reverse transcriptase quantitative PCR (RT-gPCR), vectorette PCR, and single-guide RNA

(syRNA) production were purchased from Biotez GmbH (Berlin, Germany). Following

manufacturer instructions, the lyophilized oligonucleotides were resuspended in nuclease-free

water to final concentrations of 100 or 50 pmol/pL and stored at -20 °C. For most applications, an

aliquot containing the working concentration was prepared from the stock solution in nuclease-
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free water and kept at -20 °C. The specific primer sequences used in the different applications are

enclosed within the specific sections.

3.1.5 Antibodies

Table 4 - Primary antibodies used in this study.

Antigen Host Manufacturer (Reference) Usage Diluent (dilution)

Agt Rabbit IBL (28101) WB PBS-T/blocking solution (1:100)
a-SMA Rabbit Novus Biologicals (NBP2-67436) WB PBS-T/blocking solution (1:2000)
AVP Rabbit Sigma-Aldrich (AB1565) IF PBS (1:1000)

GAPDH Rabbit Cell Signaling (2118) WB PBS-T/blocking solution (1:2000)
GFAP pGi‘;'”ea SySy (173004) IF PBS (1:500)

IBA-1 Rabbit Waco (016-20001) WB PBS-T/blocking solution (1:1000)

WB = Western blot, IF = immunofluorescence.

Table 5 - Secondary antibodies used in this study.
WB = Western blot, IF = immunofluorescence.

Immunogen Conjugate Host Manufacturer (Reference)  Usage Diluent (dilution)
Rabbit 19G IRDye®680RD Donkey LI-COR (926-68073) WB PBS-T (1:10000)
Rabbit 19G IRDye®800CW Donkey LI-COR (926-32213) WB PBS-T (1:10000)
Guinea pig 1gG Alexa Fluor® 488 Donkey Jackson (706-545-148) IF PBS (1:500)
Rabbit 1gG Cy™3 550 Donkey Jackson (711-165-152) IF PBS (1:500)

WB = Western blot, IF = immunofluorescence.

3.1.6 Laboratory equipment

Table 6 - Laboratory equipment and expendables.

Instruments, devices and consumables

Manufacturer (location, country)

Instruments and devices

Ambient Pressure Reference Monitor APR2
Agarose gel electrophoresis chamber
Analytical Balance

Bacteria shaker Certomat®H

Centrifuge Biofuge 13

Centrifuge Sorvall RC 5C

Cooling centrifuge 5804 R

Cryostat

Electronic multichannel pipettes Xplorer
Electronic multistep pipettes Xplorer
Electroporator 2510

FastPrep™-24 instrument

Fluorescence microscope BZ-9000

Data Science International (St. Paul, USA)
Biometra (Goéttingen, Germany)

Sartorius (Gottingen, Germany)

B.Braun (Melsungen, Germany)

Heraeus (Hanau, Germany)

Heraeus (Hanau, Germany)

Eppendorf (Hamburg, Germany)

Thermo Fisher Scientific (Waltham, USA)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

MP Biomedicals (IlIkirch, France)

Keyence (Neu-Isenburg, Germany)
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Instruments, devices and consumables

Manufacturer (location, country)

Gel Imager C200

Gel Imager Transilluminator Multilmage™Light Cabinet

Hematocrit centrifuge
Magnetic stirrer

Micro balance

Microm modular tissue embedding center EC350-2

Microm STP 120 spin tissue processor
Microplate Reader Infinite® M200
Microwave 8020

Mini-PROTEAN® gel casting system
NanoDrop™ 1000 spectrophotometer
Odyssey® infrared imaging system

pH Meter pH Level 1

Pipetboy

Pipettes

Pipettes

Power supply PowerPac™ HC
Real-Time PCR System QuantStudio 5
Roller mixer SRT1

Roller mixer SU1400

Rotable platform Polymax 1040

Rotary microtome HM 355 S

Scil Vet abc

SDS-PAGE gel electrophoresis chamber
Serological Pipette, disposable

Single channel Transferpette® micropipettes
Stereo microscope MZFLIII
Thermocycler C1000

Thermocycler Master cycler nexus GX2
Thermocycler peqSTAR

Thermomixer 5437

Trans-blot turbo transfer system

Vacuum pump BVC 21

Azure Biosystems (Dublin, USA)

Alpha Innotech (San Leandro, USA)
Hettich (Kirchlengern, Germany)

Thermo Fisher Scientific (Waltham, USA)
Sartorius (Géttingen, Germany)

Thermo Fisher Scientific (Waltham, USA)
Thermo Fisher Scientific (Waltham, USA)
Tecan (Méannedorf, Schweiz)

Privileg (Furth, Germany)

Bio-Rad Laboratories (Hercules, USA)
Peglab (Erlangen, Germany)

LI-COR Bioscience (Lincoln, USA)
WTW (Weilheim, Germany)

Integra Biosciences (Zizers, Switzerland)
Discovery Abimed (Langenfeld, Germany)
Sartorius (G6ttingen, Germany)

Bio-Rad Laboratories (Hercules, USA)
Applied Biosystems (Foster City, USA)
Snijders (Tilburg, Netherlands)

sunlab (Mannheim, Germany)

Heidolph Instruments (Schwabach, Germany)
Microm (Walldorf, Germany)

Scil (Viernheim, Germany)

Bio-Rad Laboratories (Hercules, USA)
Gilson (Middleton, WI, USA)

Brand (Wertheim, Germany)

Leica (Wetzlar, Germany)

Bio-Rad Laboratories (Hercules, USA)
Eppendorf (Hamburg, Germany)

Peglab (Erlangen, Germany)

Eppendorf (Hamburg, Germany)

Bio-Rad Laboratories (Hercules, USA)
Brand (Wertheim, Germany)

Consumables

384-well optical plate MicroAmp

96-well clear microplates

Applied Biosystems (Foster City, USA)

R&D Systems (Wiesbaden-Nordenstadt, Germany)
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Instruments, devices and consumables Manufacturer (location, country)

DAKO Pen Dako Deutschland GmbH (Hamburg, Germany)
Falcon tubes (15 and 50 ml) Greiner AG (Kremsmdinster, Austria)
FastPrep™ lysing matrix, tubes and caps MP Biomedicals (Eschwege, Germany)

Felt marker, alcohol-resistant Sarstedt (NUmbrecht, Germany)

Felt marker, waterproof Sarstedt (NUmbrecht, Germany)

Filter tips (10, 20, 200 and 1000 ml) Surphob Biozym (Oldendorf, Germany)

GenePulse® Cuvettes GenePulse® Cuvettes BioRad Laboratories Richmond
GenePulse® electroporation cuvettes Bio-Rad Laboratories (Hercules, USA)
Haematocrit sealing compound Brand (Wertheim, Germany)

Latex gloves Sanger (Schrozberg, Germany)

Magpnetic stirrer bars Thermo Fisher Scientific (Waltham, USA)
Micro-hematocrit capillaries Hirschmann (Eberstadt, Germany)
MiniCollect® K3EDTA-coated tubes Greiner (Kremsminster, Austria)
MiniCollect® Lithium Heparin Greiner (Kremsmlinster, Austria)

Nitrile gloves Cardinal Health (The Hague, The Netherlands)
Nitrocellulose Membrane Thermo Fisher Scientific (Waltham, USA)
Pasteur pipettes Carl Roth (Karlsruhe, Germany)

PCR strip tubes with cap Axygen® Corning (Corning, USA)

Petri dish Sarstedt (Nimbrecht, Germany)

Pipette tips Sarstedt (Numbrecht, Germany)

Plastipak™ Plastic Concentric Luer-Lock 50 mL Syringe BD (Franklin Lakes, USA)

Save-Lock Tubes Eppendorf (Hamburg, Germany)

Serological pipettes Cellstar® Greiner AG (Kremsmunster, Austria)
SuperFrost® Plus slides Menzel Glaser (Braunschweig, Germany)
Whatman paper (3 mm) Whatman (Madison, USA)

3.1.7 Equipments and expendables used for in vivo experiments

Table 7 - Equipment and expendables used for in vivo experiments.

Instruments and devices Manufacturer (location, country)

Ambient Pressure Reference Monitor, APR2 Data Science International (St. Paul, USA)
Analytical balance Sartorius (Gottingen, Germany)

Angled graefe forceps Fine Science Tools (North Vancouver, Canada)
Bridge amplifier, ML110 Data Science International (St. Paul, USA)
Cotton carrier Dimeda (Tuttlingen, Germany)

Digital caliper Wabeco (Remscheid, Germany)

Dumont #3c forceps Fine Science Tools (North VVancouver, Canada)
Dumont #5 - fine forceps Fine Science Tools (North Vancouver, Canada)
Fine Scissors - large loops Fine Science Tools (North VVancouver, Canada)
Goldstein retractor Fine Science Tools (North VVancouver, Canada)
Halsey needle holders Fine Science Tools (North VVancouver, Canada)
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Instruments and devices

Manufacturer (location, country)

Heating plate

Mercury sphygmomanometer, Mercuro 300
MX2 Matrix 2.0 with dataquest A.R.T. software
Optic light source

PowerLab/4sp with LabChart Software v5
Pressure transducers, MLT0699

RPC-1 single receiver

S&T vessel cannulation forceps

Scantainer

Stereo microscope, Leica S6 E

Stereo microscope, Zeiss Stemi SV6
Strabismus scissors

Student halsted mosquito hemostat
Tabletop anesthesia unit, Univentor 400
Temperature-controlled surgical table
Trimming machine, exacta

Ultra-fine hemostats

FMI (Seeheim, Germany)

Speidel & Keller (Juningen, Germany)

Data Science International (St. Paul, USA)
Schott (Wiesbaden, Germany)

AD Instruments (Castle Hill, Australia)

Data Science International (St. Paul, USA)
Data Science International (St. Paul, USA)
Fine Science Tools (North VVancouver, Canada)
Scanbur (Karlslunde, Denmark)

Leica microsystems (Wetzlar, Germany)

Carl Zeiss (Gottingen, Germany)

Fine Science Tools (North Vancouver, Canada)
Fine Science Tools (North VVancouver, Canada)
AgnTho (Lidingd, Sweden)

FMI GmbH (Seeheim, Germany)

Aesculap (Tuttlingen, Germany)

Fine Science Tools (North VVancouver, Canada)

Expendables

Company (location, country)

22 - 27G Needle

Absorbable suture 4/0 with needle
Biocompatible gel, Re-gel

Glass pasteur pipettes

Hamilton microsyringe, 100 uL

Histoacryl tissue adhesive

Kalt suture needle

Micro-Renathane® tubing, MRE-025

Paint brush, 0.5 mm

Paperclip

Parafilm

Polyethylene tubing, PE-50

RenaSil silicone rubber tubing, SIL-080
Reusable feeding needles

Silk black 4/0, cassette pack 100 m

Silk black 6/0, cassette pack 100 m

Silk suture 3/0 with needle SH-1

Spinocan anesthesia needle 29 G x 3% with red-coded stylet
Sterile cotton balls

Surgical disposible scalpel

Syringe (1 mL) with integrated needle (26G)
Syringes Omnifix® Solo, 1ImL

Telemetrical Pressure Transmitters, PA-C10

B. Braun (Melsungen, Germany)

Johnson & Johnson (New Brunswick, USA)
Data Science International (St. Paul, USA)
Brand (Wertheim, Germany)

Hamilton (Bonaduz, Switzerland)

B. Braun (Melsungen, Germany)

Fine Science Tools (North VVancouver, Canada)
Braintree Scientific Inc (Braintree, MA, USA)
da Vinci (Nurnberg, Germany)

Durable (Dorset, England)

Bemis (Neenah, USA)

Braintree Scientific Inc (Braintree, MA, USA)
Braintree Scientific Inc (Braintree, MA, USA)
Fine Science Tools (North Vancouver, Canada)
SMI AG (St. Vith, Belgium)

RESORBA Medical GmbH (Nuremberg, Germany)
Johnson & Johnson (New Brunswick, USA)

B. Braun (Melsungen, Germany)

Johnson & Johnson (New Brunswick, USA)

B. Braun (Melsungen, Germany)

BD (Heidelberg, Germany)

B. Braun (Melsungen, Germany)

Data Science International (St. Paul, USA)
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3.1.8 Drugs and substances used for animal anesthesia, analgesia and asepsia

Table 8 - Drugs and substances used for animal anesthesia, and asepsis in this study.

Anesthesia Manufacturer (location, country)
Isoflurane Abbott (Wiesbaden, Germany)
Ketamidor (Ketamine), 100 mg/mL Pfizer (New York, USA)

Rompun (Xylazine), 2% Bayer (Leverkusen, Germany)
Analgesia Manufacturer (location, country)
Novaminsulfon (Metamizol), 500 mg/mL Ratiopharm (Ulm, Germany)
Asepsis Manufacturer (location, country)
Betaisodona solution, 0,1 g/mL Mundipharma (Frankfurt, Germany)

3.1.9 Plasmid vectors

Table 9 - Plasmid vectors used in this study.

Plasmid Manufacturer (location, country) Company ref.
pAAV-EFla-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA  Addgene (Watertown, USA) 20298
pGEM®-T Easy Vector Promega (Fitchburg, USA) A1360
pX330-U6-Chimeric_BB-CBh-hSpCas9 Addgene (Watertown, USA) 42230

3.1.10 Bacterial strains

All plasmid vectors were cloned using the electrocompetent Escherichia coli strain One Shot™

TOP10 Chemically Competent (Invitrogen, Germany).

3.2 Animals

3.2.1 Mouse husbandry

All mouse lines were maintained in pathogen-free conditions at the animal facility of the Max
Delbriick Center, Berlin. A maximum of 6 mice were maintained in individually ventilated cages
at controlled room temperature of 22+1°C, under a standard light/dark cycle of 12 hours each. All
mice received commercial standard mouse chow and water ad libitum. Line maintenance and
experimental breeding were performed with either 1 male x 2 females or 1 male x 1 female. The
weaning was performed between 21 and 23 days after birth. Genotyping biopsies collected from
7-14 days-old mice were toenail, while from mice older than 14 days were ear punches.
Genotyping biopsies were systematically collected to imprint the mouse’s ID either on the
fingertips or the ears for further distinction. For the in vivo experiments, animals were kept in the

experimental room in conventional open cages covered with a polyester filter sheet. Food, water,
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room temperature and light schedule were kept as described above. To acclimatize mice that were
submitted to any in vivo protocol, mice were transferred to the experimental rooms at least 5 days
prior of the beginning of the experiment. All in vivo procedures were performed according to the
national and institutional guidelines and were previously reviewed and approved by institutional

animal welfare officers and the local official animal ethic committee (LaGeSo, Berlin, Germany).

3.2.2 Mouse lines

Most of the experiments of this thesis were performed using the transgenic and knockout mouse
lines showed in Figure 6. These lines were either generated or backcrossed in the FVB/N
background strain over ten generations, and at least twice a year therefore FVB/N wildtypes were
used as controls. Further mouse strains described below were used in complementary
experiments, those were in some cases mixed background strains and in these particular

experiments wildtype littermates were used as controls.

Wildtype AT1a-KO Agt-Tg

I X |

v
v
Agt-KO-Tg

Agt brainrescue

Figure 6 - Mouse lines used in this study.
Agt-KO-Tg (brain rescue of Agt expression of the Agt-KO line) was generated by crossing Agt-Tg with Agt-KO and the F1
heterozygous littermates among themselves.

3.2.2.1 Global Ang Il Type la receptor knockout AT1a knockout = AT1a-KO

The AT1a-KO mouse (Agtria™ 1" was generated by Ito et al. (111), using the classical gene
knockout technique. For this, 0.5-kb of the mouse Agtrla coding exon 3 was replaced by the

neomycin resistance cassette. This line was obtained from Prof. Dr. Thomas M. Coffman in the
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mixed background strain and was backcrossed for more than 10 generations with the FVB/N

strain at the animal facility of the Max Delbriick Center, Berlin.

3.2.2.2 Global Agt knockout = Agt-KO

The Agt-KO mouse (Agt™AY) was generated by Tanimoto et al. (112), using the classical gene
knockout technique. For this, ~0.9-kb of the second exon (containing the Ang Il coding
sequence) of the mouse Agt gene was substituted with the ~1.1-kb neomycin resistance cassette.
This mouse line was obtained in the mixed background from Prof. Dr. Akiyoshi Fukamizu and
was backcrossed for more than 10 generations with the FVB/N strain at the animal facility of the

Max Delbriick Center, Berlin.

3.2.2.3 Brain Agt transgene = Agt-Tg

Before the start of this PhD project, the Bader group had generated a new transgenic mouse line
expected to overexpress the rat Agt specifically in the brain by astrocytes FVB/N-Tg(hGFAP-
rAgt)24Bdr (Agt-Tg). In this newly generated transgenic line, the rat Agt is expressed under the
control of the human glial fibrillary acidic protein (hGFAP) promoter as previously successfully
used in rodents (61, 113, 114). The rat Agt full-length cDNA (XM_008772597) was amplified by
PCR with the following specific primers (5'-GGACACACAGAAGCAAGTCC-3" and 5'-
CATGGCTACACAGGAGGCAT-3"). To generate Agt-Tg, a DNA linear construct (Figure 7)
was prepared by molecular cloning and used for pronuclear injection into pronuclei of FVB/N

zygotes.

Human GFAP Promoter Rat Agt cDNA  SV40-PolyA
1484 bp 859 bp

Figure 7 - Schematic representation of the DNA construct used to generate Agt-Tg.
The linear DNA construct was microinjected into FVB/N zygotes, and positive founders identified by genotyping.

3.2.2.4 Brain Agt rescue of Agt-KO = Agt-KO-Tg

The brain Agt expression was specifically rescued in Agt-KO. For this, Agt-KO was crossed with
the newly generated transgenic line Agt-Tg which expresses Agt specifically in the brain (see
transgene expression validation in section 4.1.3). Males Agt-KO were mated with females Agt-
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Tg and heterozygous mice for mAgt harboring the transgene “rAgt” were intercrossed to obtain
Agt-KO-Tg (Figure 6).

3.2.25 Global Agt knockout F2 = F2 Agt-KO

To generate a mixed F2 generation of Agt-KO mice containing 50% of the FVB/N and 50% of
the C57BL/6N genome, FVB/N Agt-KO males were crossed with wildtype C57BL/6N.
Thereafter, the resulting heterozygous F1 littermates were intercrossed and the ~25% born F2
Agt-KO were used for the GWAS (see Figure 45A, a schematic representation of the breeding

scheme).

3.2.2.6 Global Renin 1c knockout = Ren-KO

The Ren-KO mouse (Renl1c™Y") was generated by Takahashi et al. (115), using the classical
gene knockout technique. For this, a large portion ~14.5-kb of the mouse Renlc gene containing
partial promoter region up to exon 6 (including the catalytic sequence) was deleted and
substituted with the ~1.1-kb neomycin resistance cassette. This mouse line was obtained in the
C57BL/6 background from the late Prof. Dr. Oliver Smithies. For experiments this line was
backcrossed to the FVB/N background for 2 generations and littermates were used as controls.
Note: wildtype controls expressed Renld as FVB/N.

3.2.3 Rat husbandry

All rats were kept on pathogen-free conditions according to the German Animal Protection Law
at the animal facility Max Delbriick Center, Berlin. Rats were kept in individually ventilated
cages with unrestricted access to water and standard chow. The animals were kept 2 - 5 per cage,
depending on the cage size, in a room with a constant temperature of 21+1°C, and light and dark
entertainment of 12h light/12h dark. The weaning was performed 21 days after birth. Ear punch
biopsies were collected from rats older than 14 days for genotyping. All in vivo procedures were
performed according to the national and institutional guidelines and were previously reviewed
and approved by institutional animal welfare officers and the local official animal ethic
committee (LaGeSo, Berlin, Germany).
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3.2.4 Ratlines

All rats used in experiments were bred to the outbred Sprague-Dawley (SD) strain.

3.24.1 TGR(ASrAOGEN)680 = TGR-680

This transgenic rat line was generated in the laboratory of Prof. Dr. Michael Bader. TGR-680
carries an antisense RNA against rAgt in astrocytes, astrocyte-specific antisense RNA expression
was achieved using the hGFAP promoter as described by Schinke et al. (61). As consequence

TGR-680 presents 90% reduced brain Agt protein but normal peripheral Agt production (61).

3.2.4.2 Rat ATla knockout and knockin generation

Rats are the rodent model of choice in cardiovascular research, because rats are ten times bigger
than mice not only surgical procedures are easier but more stability and minimal interference
from probe implantation is observed during cardiovascular data acquisition (116). However, the
generation of knockout and knockin rat models lacked a reliable methodology until recently. The
ability of CRISPR/Cas9 to cause DNA double-strand break at predefined genome sites made
generating knockout rats possible by inducing mutations during non-homologous end joining
(NHEJ) events and knockin rats using enhanced homology-directed repair (HDR) (Figure 8). For
detailed information about sgRNA and HDR generation refer to sections 3.4.7.1 and 3.4.7.2,
respectively. Channelrhodopsins are light-gated ion channel that may be used as a tool to
spatiotemporally control neuronal circuits (117). If channelrhodopsin expression is controlled by
a neuron population specific promoter, this unique tool offers a distinct method to explore the
role of this neuronal population on cardiovascular homeostasis in freely moving rats. To our
knowledge, there is no record of successful cloning of the AT1a receptor promoter, leading us to
attempt to insert channelrhodopsin 2 (ChR2) into the coding exon of the rat ATla receptor
(Agtrla). The function of “angiotensinergic” brain circuits was not deeply explored in rodent
models yet. Therefore, we aimed to generate a unique model to manipulate ATla positive
neurons in cardiovascular centers and study the impact on cardiovascular control including BP
and extracellular SNA recordings. The selected approach drives ChR2 expression in all cells
expressing AT1la including neurons, using heterozygous animals AT1a and ChR2 expression is

expected.
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Figure 8 - Schematic representation of the planned knockout and knockin of the rat AT1a receptor (Agtrla locus).
CRISPR/Cas9 mediated non-homologous end joining (NHEJ) and homology-directed repair (HDR) using a DNA template donor.
Rat zygote pronuclei microinjection or electroporation of a specific gRNA for the rat Agtrla with Cas9 protein, disrupts (double-
strand break) the locus few base pairs downstream of its starting codon at exon 3. Upon CRISPR/Cas9 mediated double-strand
break rat lines are obtained in two different ways. First, targeted gene knockout is achieved by NHEJ endogenous repair
machinery. During this process few nucleotides are lost or inserted and these mutations likely result in frameshift therefore gene
knockout (left panel). Second, channelrhodopsin 2-EYFP fusion protein is inserted by co-injecting a donor DNA template that is
obtained by cloning homologous recombination arms into a commercial vector (right panel). Note, the donor DNA was
constructed in a way that it excludes the Agtrla starting codon and part of the sgRNA binding sequence, allowing ribosomal
protein translation to be started from the channelrhodopsin2-EYFP fusion protein and avoiding CRISPR/Cas9 to cut the construct,
respectively.

3.3 Invivo methods

3.3.1 Invivo animal experiments

All in vivo experiments were performed with adult male mice aged between 12-20 weeks unless
otherwise stated. To avoid experimental bias, all mouse lines were simultaneously bred and
randomly included at the same time in each experiment. To prevent circadian bias during acute
recordings, all data was acquired between ZT3 and ZT7 (3-7 hours after the onset of the light).
All surgeries were performed on a thermo-controlled plate under the constant monitor of the

animal’s rectal temperature. As anesthetic either ketamine and xylazine mixture (100 and 10
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mg/kg ip, respectively) and/or 1-2% isoflurane air mixture supplied with a small animal
anesthesia unit were used (Table 10). After each surgical procedure, the animal returned to its
home cage placed on a 37 °C pre-warmed heating pad until full anesthesia recovery. Pain was
alleviated providing 3 days before and 2 or 3 days after surgery 200 mg/Kg/day metamizole in
drinking water (Table 10). All surgical instruments and the surgery bench were previously
sterilized. The instruments were made aseptic placing for at least 2 hours in 6% hydrogen
peroxide with posterior ddH20 washing, while the working benches were cleaned with 70%
ethanol (Table 10). If noted that an animal did not recover well from the surgery (e.g. reduced
locomotor activity, considerable weight or hair loss) it was immediately sacrificed and the data

excluded.

Table 10 - Anesthesia and analgesic solutions, and surface and tool sterilization solutions.

Anesthesia and analgesia solutions Composition Diluent

Anesthesia (ketamine/xylazine)” (1:10, vIv) Ketamine, 100 mg/mL Sterile saline, 0.9%
(1:20, v/v) Xylazine, 20 mg/mL

Metamizole$ (1:375, viv) Metamizole, 500 mg/mL Tap water

Surface and tools sterilization solutions Composition Diluent

Ethanol (15:35, v/v) Ethanol, 99% ddHz0

Hydrogen peroxide (1:5, v/iv) Hydrogen peroxide, 30% (15:35, v/v) ddH20

*Injected ip in the volume of 10uL/g body weight.
SCalculated on a daily drinking volume of 150 uL/g/day, polyuric lines received the drug diluted accordingly.

3.3.2 Long-term cardiovascular phenotyping by radio-telemetry

Cardiovascular parameters (BP and HR) as well as locomotor activity were chronically acquired
implanting telemetric probes. This methodology is the current gold standard to determine basal
cardiovascular parameters in rodents, because the animal remains the entire time at his home cage
with free access to food and water while the parameters are constantly recorded over 24 hours
(118, 119). Also, the data acquisition may be initiated weeks after the probe implantation, when
anesthesia effects and inflammation are resolved. Another advantage is the large battery

autonomy allowing intermittent recording over a month.

3.3.2.1 Surgery (probe implantation)

Sterile PhysioTel PA-C10 pressure transmitters (DSI) were implanted, this transmitter allows
recording BP (systolic, diastolic and mean arterial), HR, and locomotor activity. For transmitter

implanting, the mouse was deeply anesthetized and placed on supine position. Two ~1.0 cm skin
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incisions over the femoral triangle and the intrascapular space were performed, with previous
local shaving and sterilization of the areas. First, the catheter of the pressure transducer was
tunneled from the neck incision to the femoral triangle using an oral gavage needle as a conduit.
The gavage needle was removed from the femoral incision and the body of the transmitter pushed
subcutaneously into a pouch in the back region of the mouse. To introduce the tip of the catheter
in the femoral artery, angled Graefe forceps were used to carefully visualize and isolate the
femoral vessels (artery and vein) from the surrounding fat and nerves. After isolating the vessels,
they were occluded distal (permanently) and proximal (temporary) ~0.5 cm apart allowing a
window for catheter insertion. To prevent backflow, the distal ligation portion was knotted with a
suture cable (4/0 silk), and the inflow was prevented proximally using a third-hand approach
where the vessels were a suspended with a suture cable (6/0 silk) and a Halsey needle holder.
Two additional suture lines were placed underneath the vessels for posterior catheter fixation.
Briefly before implantation, to prevent blood clotting, the catheter tip was rubbed with
biocompatible gel (DSI). Using an iris scissor, a small incision on the artery was made. The
catheter was then inserted into the vessel lumen using a vessel cannulation forceps and a bent 27-
G hypodermic needle as an introducer. Around 1.5 cm of the catheter was inserted towards the
proximal part of the vessel, therefore, reaching the abdominal aorta before the renal artery
bifurcation. At the end, all three-suture cables were ligated with double knots to secure the
catheter into the artery. The fat originally covering the vessels was placed back onto the vessels
and secured with a suture stitch (4/0 silk). Finally, the skin incisions were closed with
discontinuous sutures (4/0 silk) and the animal allowed to recover for 2 days or 12-14 days
depending on the protocol. Note: the whole procedure was performed under a Leica

stereomicroscope.

3.3.2.2 Data acquisition and processing

Upon surgery recovery, mice were transferred to the recording room equipped with PhysioTel
RPC-1 receivers where the cages were placed on and kept during the complete habituation and
recording periods. The RPC-1 receivers were connected to a DSI data exchange matrix that
transmits the signal to a computer with the software Dataquest ART. The cardiovascular

parameters were recorded during 10 sec every 5 min. The hour averaged data was exported to an
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excel file for further processing. Pulse pressure was calculated as: pulse pressure = systolic -
diastolic pressure. Note: the recording was shortly stopped in case cages had to be chanced or
drug had to be administered.

Figure 9 - Schematic representation of the long-term cardiovascular sampling using radiotelemetry.

(1) A mouse with an implantable telemetry probe at its home cage. (2) RPC-1 receivers receive radio signals from the
cardiovascular parameters 24 hours every 5 min for 10 seconds. (3) The data exchange matrix forwards the signal to a (4)
computer with the software Dataquest A.R.T.. This illustration was partially created in BioRender.com.

3.3.3 Short-term cardiovascular phenotyping and intravenous drug administration

The Bader lab has mastered its own technique for mouse femoral catheters handcrafting and
implantation as described by Todiras et al. (120). By implanting two femoral catheters in the
artery and vein, exterior extensions of the arterial and venous systems are created, respectively.
The method allows to record cardiovascular parameters (BP and HR) for short-term from a
conscious and freely moving mouse at its home cage in a cost-effective manner. Additionally, the
method is optimal to monitor short-term (second to minutes, beat-by-beat) cardiovascular effects
of any drug that is administered by intravenous route, without previous contact with the mouse, in
periods where the cardiovascular parameters are stable such as during minimal movement. Note:
Acute BP recording and drug infusion in rats were performed as described for mice using

appropriated catheters.

3.3.3.1 Catheter construction

The femoral artery and vein catheters were constructed using 2 distinct tubing: a Micro-
Renathane silicone tubing (MRE-025) ~3.5 cm connected to a second polyethylene tubing (PE-
50) ~ 5.0 cm. The tip of the silicone tube was tapered heating the silicon tube containing a red-

coded stylet from an anesthesia needle 29 G x 3% (Spinocan) in the internal lumen. The end of
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the tube was extended in proximity of a heating plate at 300 °C with a Student Hemostat tool
until a tip dimension of ~ 0.3 mm (inner diameter) x 0.4 mm (outer diameter) was reached. The
length of the produced tip was typically ~1.0 - 1.5 cm, which is about the size required to reach
the abdominal aorta starting from the femoral artery. After heat stretching, the tip was cut straight
with a scalpel in order to have a smooth end. Before connecting the silicon catheter to the
polyethylene, one extremity of second was enlarged ~2.0 mm by heating and introducing a
blunted 22-G hypodermic needle. Finally, the silicone tube was pushed into the dilated part of the
polyethylene tube. The procedure was performed with the two tubes on the red-coded stylet 29 G
x 3% to avoiding glue accumulation in the internal lumen during the last step, which consists in
filing the dead space between the walls with histoacryl tissue adhesive. Before use, the catheters
were allowed to dry in an upstanding position for several days, and its patency and connection
leakage were verified by flushing the catheter with tap water. Before implantation, the catheters

were sterilized with 6% hydrogen peroxide for at least 12 hours and washed with ddH-0.

3.3.3.2 Surgery (catheter implantation)

The animals were anesthetized, the femoral triangle region shaved and sterilized. A ~1.0 cm
incision over the femoral triangle was made to visualize the femoral vein and artery. These
vessels were carefully isolated from the surrounding fat and nerves. After vessel isolation with
Graefe forceps, they had to be occluded distal (permanently) and proximal (temporary) ~0.5 cm
apart allowing a window to introduce the catheters. To prevent backflow, the distal ligation
portion was knotted with a suture cable (4/0 silk), and the inflow was prevented proximally using
a third-hand approach where the vessels were a suspended with a suture cable (6/0 silk) with a
Halsey needle holder. Two additional suture lines were placed underneath the vessels, and the
vessels were dilated applying a drop of 1% procaine solution. To prevent blood clotting, the
catheters were filled with heparinized saline (100 U/ml) before implanting, and the tip rubbed
with biocompatible gel. Both catheters were closed at the other extremity, the arterial inserting a
red-coded stylet from an anesthesia needle 29 G x 3% (Spinocan), while the vein catheter with a
23-G stainless steel plug. Using an iris scissor, one at a time, one small incision in each vessel
was made. The catheters were then inserted into the respective lumen using a vessel cannulation

forceps and a bent 27-G hypodermic needle as an introducer. Around 1.5 cm of each catheter was
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inserted towards the proximal part of the vessel, therefore, reaching the abdominal aorta and vena
cava inferior. At the end, all three suture cables were ligated with double knots to secure the
catheters into the vessels. The arterial catheter was clamped with a Hemostat tool, the stylet was
taken out from it, and like the venous catheter the arterial catheter was closed with a 23-G
stainless steel plug. Both catheters were then routed subcutaneously up to the extrascapular space
and exteriorized. For this, a silicone tube bridged the catheters to a 15 cm round-shape smooth
edges metal bar. The fat and connective tissues retracted during the vascular cleaning were placed
back over the vessels, and the fat and the skin wounds were separated sutured with a (4/0 silk). In
the last step, with both catheter extremities out, both catheter extremities were inserted into a 5
mm of silicone tubing (type SIL-080) and then altogether secured under the skin with a suture
cable (3/0 silk) (see Figure 10). The animal recovered from surgery on a heated pad until
consciousness was regained. The animal was allowed to further recover for 2 days at its home
cage with free access to water and food. The catheters were daily flushed (~100 pL) once a day
with the heparinized saline (100 U/ml) during the recovery period. At the day of the experiment,
the catheters were flushed just before connecting the animal to the BP recording unit. The arterial
catheter was connected to the pressure transducer, and after the recording, the animal rests until
the next day, with maximal number of 3 days (3 experimental days). Immediately, after finishing

the in vivo protocol the animals were killed by cervical dislocation.

Table 11 - Heparinized saline solutions preparation.

Solution Component Diluent
Heparinized saline, 20 U/mL (2:250, v/v) Sodium heparine, 5000 I.U/mL Sterile saline, 0.9%
Heparinized saline, 100 U/mL (2:50, v/v) Sodium heparine, 5000 1.U/mL Sterile saline, 0.9%

3.3.3.3 Drug infusion (i.v)

A 100 pL Hamilton syringe connected to a ~50 cm long polyethylene tubing (PE-50) was
connected to the venous catheter for drug infusion. Before connecting the tubes, the syringe and
the tube were filled with heparinized saline (20 U/ml), and the substance in solution loaded at the
tip of the tube leaving small air bubble of ~0.3 pL (to avoid drug dilution) (see Figure 10). After
connecting the tube and before injecting the substance, the animal was allowed to an acclimation
period of ~60 min. When the animal displayed minimal locomotor activity, the substance was
injected in bolus. Drugs were diluted that the volume of 0.5 pL/g body weight was injected, and a

total volume of 100 pL was injected. e.g for a typical 30 g FVB/N mouse this consists of 15 uL

-56 -



Material and methods

of the drug + 85 pL of heparinized saline (20 U/mL). The extra volume injected is important to
wash out the implanted catheter which contains a volume of ~15 pL. Injecting 100 pL of vehicle
(saline) in bolus causes only very slight MAP elevation ~4 mmHg. During the experiments 4 - 7
animals from distinct lines were recorded in parallel, each animal was used to test the effect of
maximal 3 different drugs. To avoid possible synergic effects, different drugs were administered
with a 24 hour interval and drug administration sequence was alternated within the groups. All
substances injected intravenously were diluted in purchased sterile 0.9% saline. Candesartan and
nifedipine were diluted in saline containing Na2COs and DMSO, respectively (Table 12). To
avoid drug concentration bias, each substance used was only once diluted in sterile physiological

saline and stored in several aliquots at -20 °C, for each experiment a new vial was thawed.

Table 12 - Vasoactive drugs administered intravenously for cardiovascular effect quantification.

Drug Conc_entration in Injected _ Diluent
solution concentration
Angiotensin Il acetate salt (Ang II) 200 ng/mL 100 ng/Kg Sterile saline
Candesartan (CV 11974) 0.2-2 mg/mL 0.1-1 mg/Kg Sterile saline with Na2CQOs, 0,01% (w/v)
Dexmedetomidine Hydrochloride 10 pg/mL 5 ug/Kg Sterile saline
Endothelin-1 2 pug/mL 1 ug/Kg Sterile saline
Hexamethonium bromide 40 mg/mL 20 mg/Kg Sterile saline
Nifedipine 1.6 mg/mL 0.8 mg/Kg Sterile saline with DMSO 5 % (v/v)
Ifj)%r’c\)ltlztrrlc’orl?dzrgll_n;\rlil\rr/]lg)h ylester g mg/mL 30 mg/Kg Sterile saline
Phenylephrine 2-20 pg/mL 1-10 pg/Kg Sterile saline
Prazosin hydrochloride 200 pg/mL 100 pg/Kg Sterile saline
Sodium nitroprusside dihydrate 10 pg/mL 10 pg/Kg Sterile saline
Tyramine 2 mg/mL 1 mg/Kg Sterile saline
Y-27632 dihydrochloride 1.2 mg/mL 0.6 mg/Kg Sterile saline
Yohimbine hydrochloride 2 mg/mL 1 mg/Kg Sterile saline

3.3.3.4 Data acquisition

Data was acquired using pressure transducers model MLT0699 connected to a PowerLab/4sp via
bridge amplifiers ML110 (AD Instruments). Importantly, the recording unit was calibrated before
and after each individual recording (mouse) with a two-point calibration (0 and 120 mmHg)
using a precision mercury manometer. To record cardiovascular parameters, the arterial catheter
was connected to a heparin/saline filled tube connected to the pressure transducer. BP was
recorded constantly (beat-by-beat) at 200 Hz before during and after i.v drug injection. MAP was
automatically calculated with the formula MAP = ((systolic + (2 x diatolic)) / 3), and the cardiac
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frequency (HR) was deduced from the oscillatory pressure waveform. Data was acquired and

analyzed using a computer equipped with a LabChart v5 software (AD Instruments).

Figure 10 - Schematic representation of the short-term cardiovascular sampling using the catheter setup.

A freely moving mouse at its home cage instrumented with arterial and venous catheters that were exteriorized at the intrascapular
space (1). The arterial catheter is connected to a pressure transducer (converts mechanical to electrical energy) that is coupled to a
3-way stopcock, allowing intraarterial fluid injection for signal improvement (2). The voltage signal is amplified and converted to
pressure signal using bridge amplifiers and a Powerlab 5, respectively (3). Cardiovascular data are recorded and analyzed using a
computer with the software labChart 5 (4). A Hamilton syringe coupled to a polyethylene tubing loaded with drug in solution is
connected to the venous catheter to deliver chosen concentrations of vasoactive drugs (5). Intravenous drug infusion takes place
when the animal displays minimal locomotor activity, therefore, stable cardiovascular parameters. This illustration was partially

created in BioRender.com.

Drug infusion (AMAP and AHR) responses were calculated by the differences between
the maximal MAP or HR (peak or trough) response and the averaged immediate (~1 minute
before drug infusion) see the example below (Figure 11). Baseline cardiovascular parameters

were quantified before any drug administration for at least 60 min.

PAP
[mmHg)

° ]

L |

Figure 11 - Example of a AMAP and AHR calculation.

A wildtype FVB/N mouse received a 10 pg/kg phenylephrine injection, showed by symbol “%/” |, triggering an immediate
increase in MAP and decrease in HR (baroreflex of the HR), middle and bottom diagrams, respectively. To calculate AMAP and
AHR, baseline MAP and HR are averaged immediately before injection for ~1 min (1) as the peak or tough maximal response for
~5 heart beats (2). Cardiovascular responses are calculated with the following formulas AMAP = (maximal MAP response -
baseline MAP) and AHR = (maximal HR response - baseline HR). Note: MAP and HR, middle and lower diagrams, are
automatically calculated from pulsatile arterial pressure recording (top diagram). PAP = pulsatile arterial pressure, MAP = mean
arterial pressure, HR = heart rate.
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3.3.4 Baroreflex control of the heart rate

The baroreflex control of the HR was calculated monitoring changes in HR induced by transient
increase and decrease in BP induced by intravenous bolus injection of vasoconstrictor and
vasorelaxant substances in freely moving mice. Bradycardia response was induced by
administering equipressor “~20 mmHg” doses of the vasoconstrictor phenylephrine (1-10 pug/kg),
while tachycardia response was induced by intravenous injection of the vasorelaxant sodium
nitroprusside (10 pg/kg). To calculate the baroreceptor sensitivity index, the MAP and HR peak
responses to phenylephrine and sodium nitroprusside were recorded beat-by-beat using the
catheter method. First, the basal and the peak response changes in the HR were converted to
changes in pulse interval (Pl,ms) by the formula 60,000/HR. The PI was calculated using the
formula (Pl = peak response Pl - basal PI). Finally, the baroreflex sensitivity index was
calculated with the formula (BRS = PI/MAP, ms/mmHg) (121).

3.3.5 Renal denervation

Mice instrumented with radio-telemetry receivers, in which the baseline BP had been acquired
for 48 hours were deeply anesthetized with isoflurane vapor (3-4% induction, 1-2% maintenance)
for bilateral renal denervation. A flank incision (skin and muscle layers) was opened to gain
access to the kidney and renal vessels. The renal vessels were identified, and the kidney gently
retracted using a self-customized hook made with a paperclip. A gauze soaked in physiological
saline was placed between the hook and the kidney to avoid tissue damage. Carefully, the renal
vein and artery were isolated from surrounding tissue using sterile cotton wrapped on a cotton
carrier as well as fine forceps. After connective tissue clearing, the renal vessels were isolated
using fine surgical instruments and/or a glass pipette, which the tip was previously tapered by
gentle stretching on a flame. This procedure melts the glass pipette tip and a smooth tip develops.
Using a stereomicroscope (Leica), all renal nerves identified were mechanically destroyed with
fine instruments. To assure the complete clearing of the nerves, using a 0.5 mm paint brush
and/or a cotton carrier, the vessels were painted with renal denervation solution containing 10%
phenol for ~5 min (Table 13). To avoid phenol spreading into the abdominal cavity, a small piece

of parafilm was placed underneath the vessels before phenol application. Additionally, the
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vessels were cleared with physiological saline and dried at the end with sterile cotton. Upon
phenol clearing, the parafilm was removed, and muscle and skin layers were separately closed
with discontinues sutures (silk 4/0). The same procedure was repeated on the contralateral side.
Renal denervation success was verified at the end of the acquisition of cardiovascular parameters
(one week after surgery) by quantification of renal norepinephrine levels as described in section
3.7.2.

Table 13 - Phenol solution used for renal denervation.

Solution Component Solvent

Denervation solution 10% (w/v) Phenol Ethanol, 95%

3.3.6 Chemical Sympathectomy

Total peripheral SNS ablation was performed administering 6-hydroxydopamine hydrobromide
(6-OHDA), a drug that does not penetrate the blood-brain-barrier in adult rodents (122). 6-OHDA
was injected once a day 100 mg/kg i.p for 5 days. The drug was prepared daily in a dark room
diluting 6-OHDA in sterile physiological saline containing 0.01% ascorbic acid to prevent
oxidation (Table 14). 6-OHDA solution final concentration was 10 mg/mL and the volume of 10
pL/g body weight was injected. This dosage was chosen because it ablates most of the peripheral

sympathetic terminals in mouse between 3 to 5 days (122-124).

Table 14 - Solutions used for in vivo chemical sympathectomy.

Solution Component Diluent or Solvent
0.01% Ascorbic acid 0.01% (w/v) Ascorbic acid Sterile saline, 0.9%
6-OHDA solution 10 mg/mL 6-Hydroxydopamine hydrobromide 0.01% ascorbic acid

3.3.7 Sample (organs, blood and urine) collection for ex vivo experiments

Ex vivo experiments were in most of the cases performed in an attempt to elucidate the molecular
basis of the in vivo cardiovascular phenotypes found. Therefore, similar to the acute
cardiovascular phenotyping, organs from 12-20 weeks old male mice were harvested between
ZT4 and ZT6 (4-6 hours after the onset of the light) unless otherwise stated. Mice were sacrificed
either by cervical dislocation, decapitation or isoflurane overdose followed by exsanguination.

Rats were only sacrificed using isoflurane overdose.

For most of the downstream applications, organs were immediately harvested, shortly

rinsed in ice cold PBS or 0.9% saline to remove blood excess (Table 15), snap frozen in dry ice
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or liquid nitrogen, and stored at -80 °C until usage. Organs used for histology were placed in 4%
paraformaldehyde solution after rinsing in PBS. Aorta and mesenteric artery used for mRNA
analyses were directly placed in a tube containing RNAlater and stored at 4 °C for a maximum of
7 days. Fat and connective tissue were removed from aorta and second/third branch mesenteric
arteries under a stereomicroscope using a petri dish containing RNAlater with fine surgical
instruments. Once cleared, aorta and mesenteric arteries were placed in tubes containing Trizol
and stored at -80 °C until mRNA extraction. Blood was collected from a cardiac puncture
performed upon a thoracotomy using a 23 G needle coupled to a 1 mL syringe. Blood for
hematological analyses was collected into MiniCollect® EDTA-K3 coated tubes and was stored
at room temperature. Plasma samples were separated centrifuging at 2000 g for 10 min at 4 °C
blood collected into lithium-heparin or MiniCollect® EDTA-K3 coated tubes. Plasma was
transferred to new tube, snap frozen in dry ice, and stored at -80 °C until processing. Timed
spontaneous urine was collected by holding the mouse over an empty tube. In case a small urine
volume was collected or the mouse’s bladder was found empty, the procedure was repeated on
the following day. The collected urine was snap frozen in dry ice and stored at -80 °C until usage.

Table 15 - Buffers used for blood excess removal.

Buffer Components

1.37 M NaCl

27 mM KClI

100 mM Na2HPO4
18 mM KH2PO4

10x Phosphate-buffered saline (PBS), pH 7.4"

0.9% Saline 0.9% (w/v) NaCl

*PBS was prepared 10x concentrated, and before use it was diluted to 1x (working concentration).

3.3.7.1 Organ collection for Agt-Tg validation

To validate the brain-specificity of the transgene expression, pieces of the following tissues were
collected and polled from 2 wildtype and 2 Agt-KO-Tg mice: White fat, brown fat, brain, kidney,
liver, salivary gland, lung, bladder, heart, duodenum, spleen, stomach, adrenal glands, testes,
muscle, gut, skin and aorta. The tissues were briefly rinsed in ice-cold saline to remove blood

excess, snap-frozen in dry ice, and stored at -80 °C until mRNA extraction.
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3.3.8 Biometrical measurements

Mouse body weight was taken by placing the mouse into a 1-liter plastic beaker on an analytical
scale. Organs (heart, spleen, kidney, adrenal glands, and lungs) were harvested immediately after
the mouse death and washed in PBS to remove blood excess. Using forceps, the PBS excess was
removed from the heart cavities squeezing the organ against a dry paper towel, other organs were
only rolled on a dry paper towel. Finally, wet organ weight was taken using a digital analytical
balance. The tibia length was measured using a digital caliper, after bone dissection and

surrounding tissue clearing.

3.3.9 Embryo manipulation

These experiments were performed by Dr. Elena Popova which optimized the technique for
transgenic rat generation in the Prof. Dr. M. Bader group. Briefly, AT1a knockout rats were
generated by delivering SD rat zygotes or 2-cell stage embryos recombinant Cas9 protein (1280
ng/ uL, IDT) and in vitro transcribed sgRNA (258 ng/uL; see section 3.4.7.1) or a commercial
SgRNA 258 ng/uL each (CRISPR RNA, crRNA,; trans-activating CRISPR RNA, tracRNA) by
electroporation (50-70V, 2.6ms, 1 pulse). For AT1a knockin generation additional to purchased
SgRNA Cas9 protein, HDR templates (circular vector, sSDNA or dsDNA, see sections 3.4.7.2 and
3.4.7.1) were delivered by electroporation, microinjection, or a combination of both methods into
SD rat zygotes and 2-cell embryos. For microinjection concentrations were: Cas9 protein (30
ng/pL), sgRNA (crRNA/tracRNA, 12.5 ng/pL each), and HDR template 5 ng/uL. Zygotes were
isolated by hormonally induced superovulation of SD rats and differentiated in culture to 2-cell
embryos. In both cases, after embryo manipulation, zygote or 2-cell stages were implanted into

pseudo-pregnant foster mothers as described by Popova et al. (125).

3.4 Molecular biology methods

3.4.1 Polymerase chain reaction (PCR)

Using a DNA template with known sequence, PCRs might be used to amplify segments of any
given sequence of DNA in an exponential manner using a specific complementary primer pair,
nucleotides and the thermostable DNA polymerase, Tag polymerase. Conventional PCRs were

performed to amplify DNA fragments. For most of the applications including genotyping, RT-
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PCR and vectorette PCR a Taqg DNA polymerase with ThermoPol buffer (NEB) was used. PCR
mixes were assembled into PCR stripe tubes (Table 16). The reaction tubes were capped, shortly
spun down, placed into a thermocycler, and the PCR run using specific cycling conditions which
were optimized concerning annealing and elongation temperatures as well as the elongation
length. To assure proper template preparation and no reaction contamination, a positive control
(when possible) and a water control sample, respectively, were included in each PCR round. The
sequence specificity of each primer pair sequence was verified using the online BLAST tool* and
the appearance of the expected amplicon size by agarose electrophoresis (see section 3.4.2). In
case of a dubious result, part of the PCR reaction was purified (see section 3.4.5), and forwarded
for sequencing (see section 3.4.12) and the resulting sequence finally analyzed in silico with the
online BLAST tool.

Table 16 - Conventional PCR mix composition using Taq polymerase.

Stock concentration Component Volume (pL)
10x ThermoPol® Buffer (NEB) 25
5mM dNTPs 1.0
10 uM Primer 1 05
10 uM Primer 2 05
10 uM Primer 3" 0.5
- Nuclease-free water 18.875
5 U/uL Taq DNA polymerase 0.125
Variable Template DNA 1
Final volume 25

The annealing temperature is primer-specific and elongation time depends on the amplified fragment. “In case the PCR only
required two primers the volume 0.5 pl of ultrapure water was pipetted instead.

To amplify DNA fragments for downstream applications where proof-reading was ideal
such as subcloning, the Phusion® high-fidelity DNA polymerase was used. PCR mixes using
Phusion polymerase were prepared as described in Table 17.

4 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 17 - Conventional PCR mix composition using phusion polymerase.

Stock concentration Component Volume (pL)
5x Phusion Buffer (NEB) 10.0
5mM dNTPs 2.0
10 uM Primer 1 25
10 pM Primer 2 25
- Nuclease-free water 315
2 U/uL Phusion DNA polymerase 0.5
Variable Template DNA 1
Final volume 50

3.4.2 Agarose gel electrophoresis

The agarose electrophoresis was performed to size-separate and visualize vector insert
integration, PCR amplicons which many times were used as tool determine mouse genotypes or
to verify primer specificity by a unique and size predicted amplicon. The gels were prepared
briefly heating 1-3% (w/v) agarose in Tris-acetate-EDTA (TAE) buffer (40 mM Tris; 20 mM
acetic acid; 1 mM EDTA) (Table 18) using a microwave oven until complete dilution. 5 pL of
0.2% ethidium bromide was mixed to 40 mL of agarose solution that was allowed to polymerize
at room temperature in a horizontal gel casting. In the following step, 0.1 volume units of 10x
DNA loading buffer (Table 18) was added to the samples (PCR mixes) and 10 uL of the samples
and a reference 1 Kb or 100 bp DNA ladder were loaded into the gel slots placed into a horizontal
TAE buffer-filled gel chamber. Each electrophoresis (100-120 V) had a duration between 10-30
min. Finally, fluorescent bands were visualized and documented with 302 nm UV light using a
Gel Imager C200 (Azure Biosystems). When the DNA fragment was visualized with the purpose

of purification, the gel was visualized with 365 nm UV light to minimize DNA damage.

Table 18 - Buffers and solutions used for agarose electrophoresis.

Solution or buffer Component Solvent

Ethidium bromide 2% (w/v) Ethidium bromide Ultrapure water
10 mM Tris

TE buffer, pH 8.0 Ultrapure water
1 mM EDTA
40% (w/v) Sucrose

10x DNA loading buffer b (Wiv) TE Buffer
0.02% (w/v) Bromophenol blue
2 M Tris

50x Tris-acetate-EDTA (TAE), pH 8.5 1 M Acetic acid Ultrapure water
50 mM EDTA

TAE was prepared 50x concentrated, before use it was diluted to 1x (working concentration).
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3.4.3 Animal Genotyping

All mouse and rat lines were genotyped between birth and weaning, for experimental and colony
maintenance purposes. In addition, each animal used in experimental procedures was re-

genotyped to assure the correct genotype.

3.4.3.1 Genomic DNA extraction for genotyping

Genomic DNA was extracted and used for mouse genotyping; mainly three types of biopsies
were collected: ear, toe-nail, or tail. Probes were incubated (30 uL, toe-nail; 50 uL, ear; 100 pL,
tail) in sample digestion buffer (Table 19) overnight at 55 °C in an orbital shaker. This buffer
contains the fungal proteinase K, that, with its broad proteinase activity releases mammalian
DNA that may be used for downstream molecular biology applications including PCR. After
overnight incubation, samples were briefly heated for 10 min at 95 °C in other to inactivate the
proteinase K. The RNA contained in the sample was digested adding RNase A diluted in TE
buffer pH 8.0 (Table 19). The volume added to the digested toe-nail, ear and tail biopsies were
250 pL, 500 uL and 750 uL, respectively. Probes were stored at 4 °C for short-term usage or -20
°C for long-term usage. This procedure usually yields a final concentration of genomic DNA in

solution ranging between 30 - 200 ng/pL.

Table 19 - Buffers used for genomic DNA extraction from toe-nail, ear and tail biopsies.

Buffer Component

200 mM NaCl
100 mM Tris
Sample digestion buffer, pH 7.0 with proteinase K 0.1 mM EDTA
1% (w/v) SDS
1 mg/mL Proteinase K

10 mM Tris
TE buffer, pH 8.0 with RNAse 1 mM EDTA
20 ug/mL RNase A

3.4.3.2 Mouse genotyping protocols

Each mouse line was genotyped using PCR mix with specific primers designed to produce short
DNA amplicons used to distinguish wildtype, knockout and heterozygous mice or transgenic

(Table 20). The method allows the genotyping of transgenic and targeted-mutation (knockout)
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containing mice, however, heterozygous and homozygous transgenic animals are not
distinguishable with the method unless the integration site is fully mapped. Genotyping PCRs
were assembled as described in section 3.4.1, using specific primers and 1 pL of genomic DNA
as template. Detailed primer sequence, PCR cycling information and expected amplicon sizes are
listed in Table 20,21. Each PCR round contained a reaction with water instead of genomic DNA,
and another with a positive control to monitor contamination and sample DNA extraction quality,
respectively. Note: A PCR reaction was used to distinguish the wildtype Ren genes in mixed
background mice; Renlc from Renld expressed by the C57BL/6N and FVB/N, respectively. The
PCR with the target “Tg of Agt-Tg” in Table 20 was designed to differentiate heterozygous from
homozygous Agt-Tg mice, the design of this PCR was only possible after mapping the transgene

integration site as described in 4.1.2.

Table 20 - Genotyping primers (sequence, annealing temperature, elongation time and expected band size).

. Annealing ; Genotype -

Mouse line or Sequence Elongation

Target 5 to 3°) Sense ttoamperature time (s) band length

—— S (bp)
GAAGCCCAGGATGTTCTTGG Reverse wildtvoe - 645

AT1a-KO GTGTCTGAGACCAACTCAACC o3 58 45 Knochort - 800
GGCAGCGCGGCTATCGTGG
CCATTCAGGCCAAGACCTCC Forward )

Agt-KO CTTGTGTCCATCTAGTCGGG Reverse 60 40 wildtype - 320

knockout - 600

GGCAGCGCGGCTATCGTGG Reverse
TGACACCAACCCCCGAGTGG Forward wildtype - 809

Agt-Tg 55 45
TCTGCCCAGAAAGTGCAGCG Reverse transgenic -190
CAGCAAGACTGACTCCTGGC Forward )

Renlc-KO GTAGCACGTAGTCCGTACTGC  Reverse 60 50 wildtype - 943

knockout - 707

CGTTGGCTACCCGTGATATT Forward

C57BL/6N - Renlc; CTTTACACAAGTTACCTGAACC Forward 60 30 Renlc - 276

FVBI/N - Renld CCAGTATGTGTCAGGGACTC Reverse Renld - 326
GGCACCTTGGTGTTCCTATC ~ Forward "T"t//"%’t B %3

Tg of Agt-Tg GAACATTGTGTCTGTGCCAA  Reverse 60 60 W%/ Tg both
TCACCCACTTTCCCAGCTTC Reverse g

wt = wildtype, Tg = transgenic = Agt-Tg.

Table 21 - PCR cycling program for genotyping PCRs.

PCR step Time (s) Temperature (°C) Cycles

Initial denaturation 180 95 1

Denaturation 30 95

Annealing 30 55-60 40

Elongation 30-50 68

Final elongation 600 68 1

Hold o0 4 -

All PCRs were performed with cycler lid at 105 °C.
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3.4.3.3 Rat genotyping protocols

Putative founders of AT1a knockout and knockin rat lines were genotyped using conventional
PCRs (Table 16) with specific primers (Table 22).

Knockout: To verify CRISPR/Cas9-induced mutations by NHEJ, a PCR mix of 25 pL was
prepared. This PCR amplifies the region flanking the expected double strand break by Cas9
(Table 22). After running the PCR program, 5 uL of the reaction mix was mixed with DNA
loading buffer and run through a 2% agarose gel to verify the success of amplification (see
section 3.4.2). The remaining PCR mix (~20 uL) was purified (see section 3.4.4.5), and
forwarded for sequencing as described in section 3.4.12. The resulting sequencing files were

analyzed with the software SnapGene Viewer.

Knockin: To determine if the construct containing ChR2 integrated in the genome a conventional
PCR with specific primers (Table 22) was performed (see section 3.4.1), and positive founders
were identified running the PCR product through a 2% agarose gel (see section 3.4.2). In case a
positive founder was identified, another conventional PCR was performed with a primer pair
upstream of the 5° homology recombination arm and another in reverse orientation in the ChR2
sequence. Success of the knockin was verified running the PCR product through a 1% agarose

gel (see section 3.4.2).

Table 22 - Primers used for genotyping founders of AT1a knockout and knockin lines.

Annealing .

Sequence Elongation  Genotype -
Jlatect 5’ t03") ST Efg‘)perat”re time (s) band length (bp)
ds-break atthe ~ GAACCACTAGATTTGTGGTGG  Forward wildtype - 271
CRISPR/Cas9 58 45 .
binding site ** CAAAGATGATGCTGTAGAGGG  Reverse gene edited - ~271
ChR2 positive GAGGATCCACACTCAAATCC Forward 60 30 Positive - ~350
animals AGCTTGCTGATGTCTGATTG Reverse negative - none
ChR2 GAGGATCCACACTCAAATCC Forward Integration - ~1200
integration by 60 90 . .
HDR CATCCGGCACAGTAACATTG Reverse Non-integration - none

** To find mutations induced by CRISPR/Cas9 mediated NHEJ, the PCR product was purified and sequenced using the forward
primer. ChR2 = channelrhodopsin 2, HDR = homology directed repair.
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3.4.4 Qualitative and quantitative gene expression analyses

3.4.4.1 Tissue RNA isolation

Total RNA was extracted with the Trizol-chloroform method. 1 mL of Trizol® was pipetted on
100 mg of tissue in a FastPrep™ tube containing 4-5 ceramic matrix beads (diameter 2.8 mm)
(MP Biomedical). Samples were homogenized 2-4 times (depending on the organ) for 40 s at
speed level 4 using a Benchtop homogenizer, FastPrep-24 (MP Biomedical). To assure the
complete nucleoprotein complex dissociation, the samples were incubated 10 min at room
temperature. Then, 200 uL of chloroform was added to the homogenate, samples were shaken for
15 s and incubated for 3 min at room temperature. Subsequently samples were centrifuged at
12.000 g for 15 min at 4 °C, and the aqueous upper phase containing the RNA was transferred to
a new 1.5 mL tube. To precipitate the RNA of the aqueous phase, 500 uL of isopropanol was
added and the tube mixed by inversion then incubated at room temperature for 10 min. The tubes
were centrifuged at 12.000 g for 15 min at 4 °C, and the pellets containing RNA were washed by
resuspension in 1 mL of 70% ethanol and centrifuging at 12.000 g for 15 min at 4 °C. The
ethanol was then discarded with a pipette and the excess removed air-drying the pellets at room
temperature for 15-30 min. Finally, the RNA pellets were resuspended in DEPC-water (10-50
pL) (Table 23), and to facilitate dilution tubes were shortly vortexed and incubated 10 min at 55
°C. The RNA concentration and purity was verified using a spectrophotometer NanoDrop™ 1000
(Peglab), and by running 0.5-1 pug of RNA on a 1% agarose gel. Samples were stored at -80 °C

until further use.

Table 23 - Preparation of DEPC water.

Water Component

DEPC-water 0.1% (v/v) Diethylpyrocarbonate (DEPC)

The solution was stirred overnight at 37°C and autoclaved to degrade DEPC.

3.4.4.2 DNA digestion and complementary DNA synthesis (CDNA)

DNase | treatment: To avoid amplification of remaining genomic DNA, the RNA samples were
submitted to a DNase treatment. 1-5 pg of total RNA were mixed with DNase | (Roche) (Table
24) and incubated in a thermocycler following manufacturer instructions (Table 24). The last step
(75 °C, 10 min) is required to denature DNase I. At the end, RNA concentration and purity were
verified with a NanoDrop™ 1000 (Peqlab).
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Table 24 - DNAse | protocol, mix and cycling conditions, for digestion of genomic DNA in RNA samples.

Component Volume (nL)
10x DNAse | buffer 2.0

RNasin (50 U/pL) 0.5

DNase I (10 U/ul) 0.5

RNA (1-5 pg) Variable
Nuclease-free water  to 20

DNA digestion

steps Time (min) Temperature (°C)
DNA digestion 30 25

DNase | inactivation 5 75

Hold 0 4

cDNA library preparation: The reverse transcription (RT) of the RNA was used to
synthetize cDNA templates. For this, 0.5-2.0 ug of DNase | treated RNA was converted to cDNA
using the moloney murine leukemia virus reverse transcriptase (M-MLV). The cDNA was
produced in two steps. First, RNA secondary structures were melted incubating the volume
containing 0.5-2.0 pg of RNA plus nuclease-free water to complete 11.2 pL with 1 pL of random
hexamer primers (RH) at 70 °C for 5 min, and the reaction was chilled at 4 °C for 5 min (Table
25). Second, working on ice 7.8 uL of a mix containing M-MLV (Promega) was added to the
sample, the RT reaction was incubated in a thermocycler following manufacturer instructions
(Table 25). The cDNA produced was stored at -20 °C until usage.

Table 25 - Reverse transcription protocol, mix and cycling conditions, of RNA samples.

First step

Componen_t Volume (pL) RT Steps Time 'I;(z:mperature
Random primers (500 pg/mL) 1 (min) (°C)
RNA (0.5-2.0 pg) Variable Secondary structure melting 5 70
Nuclease-free water to 12.2 Chilling 5 4

Second step
Component Volume (pL) RT Steps Time (min) Temperature (°C)
5x M-MLV Buffer 4 Priming 15 25
dNTPs (5 mM) 25 Transcription 60 37
RNasin (50 U/uL) 0.5 Enzyme inactivation 15 70
M-MLV (200 U/puL) 0.8 Hold 05 4

3.4.4.3 Quantitative mRNA expression

MRNA gene expression level was determined using reverse transcription and quantitative PCR

(RT-gPCR). RT-gPCR was performed using a GoTag® gPCR reaction mix (Promega) that
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contains 2 fluorescent dyes: a DNA-binding SYBR Green® and the reference CXR. The cDNA
samples were diluted to final concentrations ranging between 1-5 ng/uL. 20 uL RT-qgPCR mixes
were assembled into a MicroAmp® optical 384-Well plate (Applied Biosystems). 9 uL of the
diluted cDNA was pipetted together with the GoTaqg® master mix, CXR and specific primers
(Table 26). All primers were designed to a have a similar melting point, thus all reactions were
performed at the same annealing temperature of 60 °C. Only primers displaying a single meting
curve peak and expected amplicon band sized were included, a list of primers used is displayed in
Table 27. All RT-gPCR samples were run in duplicates using a QuantStudio 5 Real-Time-PCR-
System (Applied Biosystems), and the PCR program is displayed in Table 26. The data was
acquired and analyzed using the software QuantStudio™ Design & Analysis Software v1.3.1
(Applied Biosystems). The Ct values obtained in the exponential phase of amplification from the
gene of interest and an appropriate housekeeping gene (Gapdh, Actb or 18s) were used to
calculate the relative gene expression to the control group using the method of Livak and
Schmittgen (126) ( 2744€T),

Table 26 - RT-gPCR, mix and cycling conditions.

Components Volume (uL) Temperature

RT-gPCR Time(s) ,o Cycles
¢DNA (1-5 ng/pL) 9 (°C)
2x GoTag® master mix 10 Priming 120 95 1
Primer forward (10 uM) 0.4 Initial 600 05 1
Primer reverse (10 uM) 0.4 denaturat|_on
100x CXR reference dye 0.2 Denatu_ratmn 15 9
Annealing/ 40
. 60 60
elongation
Melt curve 1 15 95
Melt curve 2 60 60
Melt curve 3 15 95
Table 27 - List of primer pairs used for RT-qPCR.
Target, Gene Sequence (5" to 3") Sense Amplicon (bp)
18s. Rn18s TTGATTAAGTCCCTGCCCTTTGT Forward 75
' CGATCCGAGGGCCTCACTA Reverse
CTGAATGAGGCAGGAAGTGGG Forward
Agt (mouse, mAgY), Agt GCAGTCTCCCTCCTTCACAG Reverse 150
CTGAGTGAGGCAAGAGGTGTA Forward
Agt (rat, rAgY), Agt GCAGTCTCCCTCCTTCACAG Reverse 150
CCATTCAGGCCAAGACCTCC Forward
Agt (mouse and rat, tAgY), Agt GCAGTCTCCCTCCTTCACAG Reverse 299
Aquanorin-2. Adp2 ATGTGGGAACTCCGGTCCATA Forward 137
quaporin-<, Aqp ACGGCAATCTGGAGCACAG Reverse
AAAGCCTGCGTCTTGTTCTG Forward
ATla, Agtrla TCGTGAGCCATTTAGTCCGA Reverse 103
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Target, Gene

Sequence (5' to 3')

Sense

Amplicon (bp)

TGTGGGCAGTTTATACCGCT Forward

AT1b, Agirib ACACTGGCGTAGAGGTTGAA Reverse 100
ATGATTGGCTTTTTGGACCTGT Forward

AT2, Agtr2 AAGGGTAGATGACCGATTGGT Reverse 126
CTGGACCTGTATCTGGTCCAC Forward

Akrib7, Akrib? GTCCACCAGTTCCTCCATGG Reverse 138
ATGCGGTGGAACACTTTCTGG Forward

CD3, CD3e GCACGTCAACTCTACACTGGT Reverse 126
TGTCTGATCTTGCTAGGACCG Forward

CD&8, Cdes GAGAGTAACGGCCTTTTTGTGA Reverse 8
TCTCCACGGAAACAGCATCT Forward

CDéas, Cd8s CTTACGGAAGCACCCACGA Reverse 101

C-Fos. Fos CGGGTTTCAACGCCGACTA Forward 165
' TGGCACTAGAGACGGACAGAT Reverse

Collagen 1. Col1al CTTCACCTACAGCACCCTTGTG Forward 6
gen 1, GATGACTGTCTTGCCCCAAGTT Reverse
GCTGGCATTCCTCAGACTTCT Forward

Collagen 11, Col3al ACTGTTTTTGCAGTGGTATGTAATG  Reverse 67
TCCGGGAGAGATTGGTTTCC Forward

Collagen IV, Col4al CTGGCCTATAAGCCCTGGT Reverse 118

ENaCo. Sennia CCAAGGGTGTAGAGTTCTGTGA Forward -8
aLa, AGAAGGCAGCCTGCAGTTTA Reverse
. TGCTGGTTCCCTCTTCACTT Forward

Endothelin A receptor, Ednra ACAGCAACAGAGGCAGGACT Reverse 210
CCTTCCGCTACCAGCCAGA Forward

eNOS, Nos3 CAGAGATCTTCACTGCATTGGCTA  Reverse 105

Ervthronoietin. Eno ACTCTCCTTGCTACTGATTCCT Forward 103
ythroporetin, Ep ATCGTGACATTTTCTGCCTCC Reverse

Fibronectin. Fnl ACCATTACTGGTCTGGAGCC Forward 1oa
' GGGTAACCAGTTGGGGAAGC Reverse
TCACCACCATGGAGAAGGC Forward

Gapdh, Gapdh GCTAAGCAGTTGGTGGTGC Reverse 168
CGGAGACGCATCACCTCTG Forward

GFAP, Gfap AGGGAGTGGAGGAGTCATTCG Reverse 126

Hepcidin, Hamp AGGGCAGACATTGCGATACC Forward 101
' GCAACAGATACCACACTGGGA Reverse

Heocidin. Ham2 CTGAGCAGCACCACCTATCTC Forward 101
peidin, Hamp TCTTCACAACAGATACCACAGGAG  Reverse

cam. Icam TTCACACTGAATGCCAGCTC Forward 18
' GTCTGCTGAGACCCCTCTTG Reverse

interleukings. 116 CTGCAAGAGACTTCCATCCAGTT Forward 70
! GAAGTAGGGAAGGCCGTGG Reverse
ACACGGCAGCACCTTATACAT Forward

NCC, Slc12a3 GAGGAATGAATGCAGGTCAGC Reverse 142
CAAGGTCACCAGTATCGTCCC Forward

NHES, Slc9a3 GCATGAAGTATCCAGCATCCAAC Reverse 167
GATGGGTGAAAGGTGTGCTG Forward

NKCC2, Slc12a1 CAATTCCCGCTTCTCCTACAAT Reverse 9
TTCAAACGCAAAGTGGGAGGT Forward

nNOS, Nosl AATGCCCCTGAGAACTTCCA Reverse 201

PAXS, Pax8 ATGCCTCACAACTCGATCAGA Forward 101
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Target, Gene Sequence (5' to 3') Sense Amplicon (bp)

ATGCGTTGACGTACAACTTCT Reverse

Rantes. Cels GCTGCTTTGCCTACCTCTCC Forward 104
: TCGAGTGACAAACACGACTGC Reverse
. CAAAGTCATCTTTGACACGGG Forward

Renin, Ren1 and Ren2 AGTCAGAGGACTCATAGAGGC Reverse 107
CTTTGTACAACAGCACCCGC Forward

TGF-B, Tgfbl TAGATGGCGTTGTTGCGGTC Reverse 127

TNFo. Trf ACCCTCACACTCAGATCATCTTC Forward -
? TGGTGGTTTGCTACGACGT Reverse

Veam. Veaml TGAACCCAAACAGAGGCAGAGT Forward 138
! GGTATCCCATCACTTGAGCAGG Reverse

ula. Adrala CCAGCACAGGTGAACATTTC Forward 118
- GATGCCGATGACAGGCCAC Reverse

ole. Adratb ACATTGGGGTGCGATACTCTC Forward 139
B- TTGGGCGCAGGTTCTTTCC Reverse
CGGACCTTCTGCGACGTATG Forward

olg-Adrald TGGCTGGATACTTGAGCGAGT Reverse 124

o2a. Adraza GGTGACACTGACGCTGGTTT Forward o1
; ACTGGTGAACACCGCGATAATA Reverse

26 Adrazh GAGTCCAAGAAGCCCCATCC Forward 103
B- GGTGTCCATTAGCCTCTCCG Reverse
TCTGGATCGGCTACTGCAAC Forward

02c- Adrazc GCTTGAAAGAGCGCCTGAAG Reverse 81

-actin, Actb CTGGCCTCACTGTCCACCTT Forward 61
: CGGACTCATCGTACTCCTGCTT Reverse

b1 - Adrbl CTCATCGTGGTGGGTAACGTG Forward 215
ACACACAGCACATCTACCGAA Reverse
GGGAACGACAGCGACTTCTT Forward

B2 - Adrb2 GCCAGGACGATAACCGACAT Reverse 125

3.4.4.4 Qualitative mRNA expression

Tissue transgene (rAgt) mRNA expression was verified using reverse transcription PCR (RT-
PCR). Several organs were collected (see section 3.3.7.1) and RNA extraction, DNAse |
treatment and cDNA synthesis was performed as described in sections 3.4.4.1 and 3.4.4.2,
respectively. The mouse and rat cDNA sequences were in silico aligned to design a primer pair
amplifying both rat and mouse Agt cDNA (299 bp) (Table 28). To perform RT-PCR organ cDNA
was diluted to a final concentration of 10 ng/uL and PCR mixes were assembled as described in
section 3.4.1. The presence of mAgt or rAgt was identified running the PCR product through a
2% agarose gel (see section 3.4.2 ). To finally confirm transgene brain expression, PCRs from
wildtype and Agt-KO-Tg containing amplified brain mRNA were purified (see section 3.4.4.5),
and forwarded for sequencing (see section 3.4.12). The resulting DNA sequences were blasted to
verify the presence of mAgt and rAgt in wildtypes and Agt-KO-Tg, respectively. Note: the

primer pair in Table 28 was designed within the deleted region of the endogenous mAgt in Agt-
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KO, meaning that the primer pair does not amplify endogenous mAgt mRNA from Agt-KO as
Agt-KO-Tg tissues.

Table 28 - Primer pair use to amplify tAgt, endogenous (mouse) and transgene (rat) Agt.

Annealing

Sequence Elongation .

Target 5 to 3°) Sense E«oegperature time (s) Amplicon (bp)
Mouse and rat Agt CCATTCAGGCCAAGACCTCC Forward 60 30 wildtype - 299
exon 2 GCAGTCTCCCTCCTTCACAG Reverse transgenic -299

A

ATG
FVB/N m4gt
] B 1]
B
ATG

Agt-KO-Tg mA4gt

targeted locus heo . I l]
ATG
Human GFAP Promoter | Rat AgtcDNA  SV40-PolyA
Agt-KO-Tg Agt

Figure 12 - RT-PCR strategy to amplify mAgt and rAgt.

Schematic representations of mouse wildtype locus encoding the mAgt (A), and targeted mAgt locus in Agt-KO (B, top panel)
and the construct used to generate Agt-Tg with the rAgt cDNA (B, bottom panel). The thick line represents the amplification of
DNA fragments from mAgt in wildtype (A) and exclusive rAgt in Agt-KO-Tg (B) when using the primer pair displayed in Table
28, because the primers represented as “. .” (B) is designed in the deleted region of the mAgt. Neo = neomycin resistance
cassette.

3.4.4.5 (gPCR for transgene copy number quantification

To quantify the transgene copy number in Agt-Tg, a qPCR was performed with genomic DNA.
Sample genomic DNA concentration was measured (see section 3.4.6), and an aliquot containing
1 ng/pL prepared. gPCR was performed using the primers showed in Table 25 which do not bind
to Agt-KO and following the protocol described in 3.4.4.3. However, for this experiment the CT
values were used to estimate the transgene copy number instead of the 22T, Another gPCR

with a primer pair targeting the Adra2a (Table 27) was performed to control genomic DNA
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dilution. The transgene copy number was estimated comparing Agt CT values among mice with
one or two copies of the endogenous mAgt and mice heterozygous for the transgene with one or
two copies of the endogenous mAgt.

3.4.5 DNA fragment purification

To purify DNA fragments from PCR reactions directly or selectively by band excision from
agarose gels, the Wizard® SV Gel and PCR Clean-up System (Promega) was used according to
the manufacturer’s instructions. For gel fragment purification, the band of interest was visualized
with UV light (365 nm) using the gel imager C200 (Azure Biosystems) and excised with a

scalpel.

3.4.6 Measurement of nucleic acid concentration

DNA and RNA concentration and purity were measured using a NanoDrop 1000 (Peglab)
spectrophotometer. For this 1 puL of nucleic acid was pipetted onto the lower measurement
pedestal. Before each measurement a zero-reference standard (water or TE buffer) was included

depending on each aqueous solution the nucleic acids were diluted.

Nucleic acid concentrations were calculated using a modified the Beer-Lambert equation
¢ = (A " e)/b, where: Where c is the nucleic acid concentration in ng/uL, A is the absorbance in
AU, e is the wavelength-dependent extinction coefficient in ng-cm/pLL r and b is the path length

in cm.
Below are the commonly accepted extinction coefficients for nucleic acids at 260 nm:
* Double-stranded DNA: 50 ng-cm/uL
« Single-stranded DNA: 33 ng-cm/uL
* RNA: 40 ng-cm/pL

The ratio between the absorbances 260/280 of 1.8 for DNA and 2.0 for RNA indicates
purity.
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3.4.7 Molecular cloning

Molecular cloning was used to generate sgRNA, targeted constructs used for zygote
electroporation and pronuclear microinjections as well as PCR amplicon sequencing. The
commercial vectors used in this study are displayed in section 3.1.9. Cloning strategies were
delineated by identifying restriction sites at the plasmid’s provider webpage and for the insert
with an online tool®. To introduce subcloning sticky ends on amplified DNA fragments,
restriction enzyme binding sites were included at the 5° of the primers with additional 4-5

nucleotides to assure restriction.

3.4.7.1 Cloning of single guide RNA (sgRNA)

A sgRNA specifically targeting the Rat AT1a receptor (Agtrla) was designed using the online
tool®. To produce sgRNA, complementary DNA oligonucleotides containing the sgRNA
corresponding sequence (20bp) plus overhanging sequences for vector insertion were synthetized
(Table 29). The lyophilized oligonucleotides were diluted in nuclease-free water to a final
concentration of 100 pM, and phosphorylated and annealed in a single step using T4
Polynucleotide Kinase (Table 30). The vector pX330 (pX330-U6-Chimeric_BB-CBh-hSpCas9,
Addgene) was used to subclone the phosphorylated and annealed oligos, this vector contains a
double Bbsl restriction site that if opened matches with the annealed oligos (Table 29). 1 ug of
pX330 was digested with Bbsl. Annealed oligos were diluted 1:200 in nuclease-free water and
ligated to the open vector (50 ng, 1 uL of the previous reaction). After ligation, circular vectors
were transformed into electrocompetent bacteria, and the plasmid purified as described in section
3.4.11. From all purified vectors the correct sequence was checked by vector sequencing using
the primer shown in Table 29. Because the cloned fragment is under the control of the U6
promoter this plasmid produces the CRISPR RNA (crRNA) already fused to the trans-activating
CRISPR RNA (tracRNA; Cas9 scaffold) in mammalian cells. In addition, Cas9 with a nuclear
signal is also expressed by the vector under the CBh promoter. In other words, pX330 with the
SgRNA subcloned can be readily used for genome editing in mammalian cells including zygotes.

5 https://sites.ualberta.ca/~stothard/javascript/index.html.
& http://Crispr.mit.edu/
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However, studies as well as our laboratory experience indicated that zygote gene edition using
CRISPR/cas9 electroporation or microinjection of the sgRNA plus Cas9 recombinant protein
yield higher efficiency in comparison to vector delivery. Therefore, in vitro transcription was
used to produce the sgRNA (crRNA + tracRNA). For this, a T7 promoter sequence was
introduced by PCR using Phusion polymerase (NEB) (see section 3.4.1) and purified pX330
vector (2 ng) as template. The primers used for amplification are shown in Table 29. The purified
PCR product was used for sgRNA synthesis by in vitro transcription using T7 RNA Polymerase
(Thermo Fisher) following manufacturer’s instructions. Finally, the RNA molecules were
purified using the GeneJET RNA Purification Kit.

Table 29 - Oligonucleotides used for subcloning and generation of sgRNA targeting the rat Agtrla locus.

Target Sequence (5’ to 3°) Sense
. CacCATCTTCAGCAGAAGAGTTAA Reverse
SgRNA subcloning
aaacTTAACTCTTCTGCTGAAGAT Forward
Eﬁi? SequUENcing 5 CTATTTCCCATGATTCC Forward
T7 promoter TAATACGACTCACTATAGATCTTCAGCAGAAGAGTTAA Forward
introduction AAAAGCACCGACTCGGTGCC Reverse

Lower case letters indicate overhangs used for creating sticky ends to the annealed oligonucleotides used for subcloning into the
vector pX330. Bold letters indicate an overhang that produces a T7 RNA Polymerase promoter when amplified by PCR.

Table 30 - Mixes for sgRNA annealing (left table) and subcloning (right table).

Component Volume (pL) Component Volume (pL)
10x T4 Ligation buffer 1.0 pX330, open with Bbs | 1
Oligo 1 (100 uM) 1.0 Annealed oligos, diluted 1:250 (v/v) 2
Oligo 2 (100 pM) 1.0 T4 Ligase (Promega) 1
T4 PNK (Promega) 0.5 10x T4 Ligation buffer 1
Nuclease-free water 6.5 Nuclease-free water 5

Annealing conditions were 37°C for 30 min, 95°C for Ligation was performed overnight incubating the mix at 16°C.

5 min, and cool down to room temperature on the
bench.

3.4.7.2 Cloning and preparation of homologous recombination templates

Double-stranded DNA (dsDNA) HDR template preparation: Due to CRISPR/Cas9 precise
genome double-strand break at predetermined sites, a construct containing ~1Kb of the up and
downstream sequence flanking the expected CRISPR/Cas9 cutting position was assembled in
order to flank the fusion protein ChR2-EGFP (Figure 8). To generate the construct suitable for
HDR, two homology arms (arm 1 and 2) were sub cloned into the vector (pAAV-EFla-double
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floxed-hChR2(H134R)-EYFP-WPRE-HGHpA, Addgene plasmid #20298). Homology arms 1
and 2 were produced using PCR reactions performed with conventional Tag polymerase (NEB)
using the primers shown in Table 31. PCR reaction mixes assemble and cycling conditions are
described in section 3.4.1. For homology recombination arm preparation, rat genomic DNA was
used as template (see section 3.4.3.1). After amplification verification by agarose gel (see section
3.4.2), each PCR mix was purified with the Wizard® SV Gel and PCR Clean-up System
(Promega) (see section 3.4.4.5) and subcloned into the pPGEM®-T Easy Vector (Promega).
Subsequently, small-scale bacteria cultivation were performed, the plasmid was isolated (see
sections 3.4.10 and 3.4.11) and sequenced with the primers showed in Table 31. Both homology
arms were extracted from the vector using restriction enzyme digestion, homology arm 1 was
extracted using EcoR | and homology arm 2 by Sal | and Kpn |, for details see section 3.2.4.2.
After restriction digests, the reaction mixes were run through a 1% agarose gel, and the released
fragment was observed, and the corresponding band excised and purified with the Wizard® SV
Gel and PCR Clean-up System (Promega) (see section 3.4.4.5). Digested and purified homology
arms 1 and 2 were subcloned into the backbone of predigested vector containing ChR2 one at a
time with EcoRI and Sal I/Kpn I, respectively. Each round of subcloning was considered
successful after analyzing the insert orientation using restriction enzyme digestions followed by
gel visualization and in silico sequence analyses. After successful subcloning steps, one bacterial
small-scale preparation was expanded to a large scale and the plasmid isolated as described in
section 3.4.11. For use as HDR template either the circular vector or the ~4 kb linearized
construct were used. The linear fragment was extracted from the vector using the restriction
enzymes Spe | and Kpn | (Figure 8). Note, the sequence recognized by the sgRNA was excluded
from the template, so the sgRNA does not bind to it and it remains intact during and after

possible homologous recombination event.
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Table 31 - Primers used to generate homologous recombination arms to match with rat Agtrla locus.

s i Annealing Elongation  Expected
Jlaroct BSOS (EF (e SEEE temperature (°C)  time (S) Amplicon (kb)
ccaagaattcactAgtTCAGACCCCATT Forward
CAGACTAAC
Homology arm 1 60 90 ~1.1
ttttggaattc TGGGTTGAGTTGGTCT
Reverse
CAG
0gccgtcgacTCTTCTGCTGAAGATG
GTATC Forward
Homology arm 2 60 90 ~1.2
ttggtggtaccTTCAAAGTCTTCTCTC Reverse
AGAG
T- vector TAATACGACTCACTATAGGG Forward
sequencing CTATTTAGGTGACACTATAG Reverse

Capital letters indicate sequences overlapping with the template sequence. Lower case letters indicate overhang and restriction
enzyme sequences which are underlined. Restriction enzyme sequences are: gaattc = EcoR I, actAgt = Spe I, gtcgac = Sal I,
ggtacc = Kpn I. HDR = homology directed repair.

Single-stranded DNA (ssDNA) HDR template preparation: Several studies observed increased
HDR success using ssDNA template comparing against templates consisting of double-stranded
DNA (127-129). Therefore, the size of the HDR arms 1 and 2 were decreased from ~1.0 kb to
~0.5 Kb. To generate the ssDNA template, Guide-it™ Long ssDNA Strandase Kit (Takara) was
used following manufacturer’s instructions. Briefly, a double-stranded DNA template was
generated by PCR using a high-fidelity polymerase included in the kit and a customized primer
pair where the sense primer is phosphorylated at the 5" end (Table 29). The phosphate group
serves as a recognition site for the strandase that digests the phosphorylated strand thereby
producing ssDNA that is cleaned and concentrated to (0.5 - 1 pg/uL) with a column purification

system included in the Kit.

Table 32 - Primers used to generate a ssDNA template for HDR to match with rat Agtrla locus.

Annealing Elongation  Expected

Jlatect O E ) ST temperature (°C)  time (s) Amplicon (kb)

P-GTGACACCAGTTCGTGGAAC  Forward
sSDNAtemplate )10 A GCCAGATGATGATGCAG — Reverse 00 30 ~3.0

The elongation time of the Phusion polymerase used is 1 Kb/5 sec. sSDNA = single-stranded DNA. P = phosphate group to
phosphorylate the primer at the 5° for strandase digestion of the amplicon.

3.4.8 DNA restriction

Vector and inserts as genomic DNA were digested by restriction enzymes. To integrate DNA
fragments into circular vectors, the insert generation as well as the vector opening were
performed with the same restriction enzyme(s). Restriction enzymes and their corresponding
buffers (New England Biolabs) were used following the instructions of the supplier. The

reactions were typically performed at 37°C and 1 U of enzyme used to completely digest 1 pg of
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DNA between 15-60 min. To prevent vector recircularization in case the vector was opened with
a single restriction enzyme, after restriction digestion the reaction was incubated with calf
intestinal alkaline phosphatase (2 U/pg DNA,; CIP) for 5 min at 37 °C. CIP keeps the vector open
by dephosphorylation of the 5” ends.

3.4.9 DNA ligation

The ligation of a double-stranded DNA insert into a linearized vector was performed adding ~50-
100 ng of vector DNA, 2-5 times molar excess of DNA insert’, 1 uL 10x ligation buffer, 1 uL (1-
3 U) T4 DNA ligase (Promega) and nuclease-free water to a final volume of 10 uL. The reaction

mix was incubated over night at 16 °C and stored at -20 °C if not immediately used.

3.4.10 Transformation and cultivation of bacteria

One aliquot of electrocompetent bacteria (30 puL) was thawed on ice, 2-5 uL of ligation reaction
or 50 ng of purified plasmid DNA were mixed with the bacteria. The mixture was transferred to
an ice-prechilled GenePulse® cuvette, which was rapidly placed into the sample chamber of the
electroporator 2510 (Eppendorf). Electroporation of bacteria was performed at 1350 V for 5 ms.
Immediately, 1 mL of LB media without antibiotics was added and the electroporated bacteria
transferred to new tube that was incubated at 37 °C for 1 hour to allow vector expression. To
select successfully transformed bacteria, a glass cell spreader was used to spread 50 uL of the LB
medium contain bacteria on ampicillin -containing LB-Agar plates that were cultivated over night
at 37 °C. For initial bacterial grow, positive colonies were picked with 200 pL sterile tips and
expanded in a 15 mL falcon tube containing 5 mL of LB medium (mini-prep) with ampicillin
over night at 37 °C on a shaker at 180 rpm. After mini-prep, plasmids were extracted as described
below section 3.4.11, and the correct DNA fragment integration was verified either by
sequencing (see section 3.4.12) and/or by plasmid restriction (see section 3.4.8) followed by
observation of expected fragment size by running the digested plasmid on an agarose gel (see

section 3.4.2). After finding the correct fragment insertion, 100 uL of the bacteria from the

7 https://nebiocalculator.neb.com/#!/ligation
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previous step was further grown in a plastic Erlenmeyer flask filled with 250 mL of LB medium

(maxi-prep) containing antibiotic over night at 37 °C on a shaker at 180 rpm.

Table 33 - Buffer solution and media used for bacteria cultivation.

Buffer, solution or media Component
Ampicillin 100 mg/mL Ampicillin
0.5% (w/v) Bacto™ Yeast extract
LB Medium, pH 7.0 1.0% (w/v) Bacto™ Tryptone
1.0% (w/v) NaCl
LB medium
LB plates 1.5% (w/v) Bacto™ Agar

100 pg/mL Ampicillin

LB Medium with ampicillin was prepared mixing ampicillin with LB media to a final concentration of 100 pg/mL Ampicillin.

3.4.11 Bacteria plasmid extraction and purification

To extract plasmids from the initial bacterial culture (Mini-prep), 4 mL of the bacterial overnight
culture was centrifuged for 5 min at 6.000 g and the supernatant removed. The pellet containing
the bacterial cells was resuspended in 250 pL of Solution A (Table 34) by vortexing. 250 uL of
Solution B (Table 34) was added, mixed gently by inversion and incubated 5 min at room
temperature to lyse the bacterial cells. Next, 250 uL of Solution C (Table 34) was pipetted for
sample neutralization. After solution C addition a white clot containing DNA, protein and SDS
was observed, the samples were then incubated on ice for 20-30 min and centrifuged for 10 min
at 13.000 g. The supernatant was transferred to a new 1.5 mL tube, and 500 puL isopropanol was
added, mixed by inversion, and incubated for 10 min at room temperature to precipitate the
plasmid DNA. Samples were centrifuged for 15 min at 13.000 g, the supernatant discarded, and
the pellet washed by adding 500 puL of 70% ethanol that centrifuged for 15 min at 13.000 g. After

removing the ethanol, the pellet was air-dried and resuspended in nuclease-free water.

To isolate plasmid DNA from large scale bacterial growth (maxi-prep), the PureYield™
plasmid maxiprep system (Promega) was used following manufacturer’s instructions. In
principle, an alkaline and SDS containing buffer lyses the bacteria and centrifugation removes
genomic DNA, proteins and cell debris, while the plasmid DNA in the supernatant can be bound
to a silica column. After column washing to remove endotoxin and remaining cellular

contaminants, plasmid DNA was eluted in nuclease-free water and stored at -20 °C until use.
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Table 34 - Solutions used for plasmid extraction of initial bacterial growth.

Solution Components

50 mM Glucose
10 mM EDTA, pH 8.0

Solution A .
25 mM Tris, pH 8
1% (v/v) RNase (4 mg/mL)
. 200 mM NaOH
Solution B
1% (w/v) SDS
Solution C 3.1 M Potassium acetate pH 5.5

3.4.12 Sequencing of DNA

DNA sequencing was controlled with specific primers binding the sequence flanking the region
of interest, using the chain termination method of Sanger and Coulson (130). All sequencing was
performed by LGC Genomics GmbH (Berlin, Germany). Sequencing results were analyzed with
the free software SnapGene Viewer.

3.4.13 Single nucleotide polymorphism (SNP) genotyping

F2 Agt-KO mice were genotyped using the mouse universal genotyping array (MUGA) by
submitting the samples to Neogen (Scotland, UK). The Giga-MUGA genotyping array contains
143,259 genetic markers covering most of the inbred mouse strains including FVB/N and
C57BL/6. At the end of the cardiovascular phenotyping, livers were collected from all F2 Agt-
KO mice for DNA extraction. Liver genomic DNA was extracted using a commercial kit based
on a column purification system, GenElute™ (Sigma-Aldrich). Briefly, ~25 mg of liver was
collected and digested with proteinase K following manufacturer’s instruction. After column
purification, 20 uL of DNA (~100 ng/uL) was air-dried overnight, placing open tubes containing
the samples on a thermo-block at 50°C, and shipped at room temperature to Neogen.

3.4.13.1 SNP validation by restriction digest

After performing the GWAS, a restriction digest of all F2 Agt-KO mice phenotyped was used to
validate the most significant locus at chromosome 1. SNP rs31768697 produces a Hincll
restriction site only in FVB/N. The restriction digest of the PCR product flanking this SNP allows
to identify the carriers of the mono and/or biallelic strain-specific (FVB/N and/or C57BL/6)

-81-



Material and methods

locus. The primer sequences and the restrict digestion of the PCR product are shown in Table 35,

PCR mix and restriction digestion are described in sections a 3.4.1 and 3.4.8, respectively.

Table 35 - Primers used to amplify the SNP rs31768697.

Annealing

Target Sequence (5’ to 3°) Sense temperature E_Iongatlon Amplicon (bp) b el elges o
€0 time (s) (bp)
GTGGGTCACCATATTTGTACCG Forward C57BL/6 - 250
rs31768697 60 30 250
ACTTTACACCTTCAGTTCTGG Reverse FVBIN - 110/140

3.4.14 Agt-Tg transgene integration mapping by vectorette PCR

To determine the precise integration site of the transgene in the mouse genome, a vectorette PCR
approach was used. First, the construct sequence was mapped in silico® to find restriction sites
close to the construct’s (used to generate Agt-Tg) 5" and 3" extremities (Figure 13B). We have
designed different strategies, for different restriction enzymes but only Bfa | rendered positive
results, therefore, this approach is described below (Figure 13). Genomic DNA was extracted as
described in section 3.4.3.1 from an Agt-Tg mouse. Non-digested tissue and cellular debris were
removed by a tube spin-down at 13.000 g for 1 min, and the supernatant was transferred to a
clean tube. The DNA concentration was estimated as described in section 3.4.6. Then 1 pg of
genomic DNA was digested with Bfa | restriction enzyme as described in section 3.4.8 in a final
volume of 30 pL, and the enzyme was inactivated by heat at 80°C for 20 min. A vectorette
adapter with a 3" AT overhang (to stick to the digested genomic DNA form Agt-Tg) was created
annealing the primers depicted in Table 36 without phosphorylation with T4 Polynucleotide
Kinase to avoid adaptor self-ligation during the ligation step (Figure 13A and Table 37). The
adapter was ligated to the genomic DNA using T4 DNA Ligase (Promega) (Figure 13C and
Table 38). The construct containing an unknown genome piece was amplified using nested PCR
with primer pairs designed to bind the construct and the adapter (Figure 13D). First, amplification
was performed as described (Table 39) using a conventional Taq polymerase (NEB). Second, a
nested PCR was assembled with 1 puL from the previous reaction. The amplicon was visualized in
a 2% agarose gel as described in section 3.4.2. The amplicon was subcloned into the backbone of

the T-vector (promega) and amplified as described in 3.4.7 and 3.4.10, respectively. Finally, the

8 https://www.bioinformatics.org/sms2/
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plasmid was purified and submitted to Sanger sequencing for posterior in silico analyses to

determine the transgene integration site.

T T,

B
Bfal ? Bfal Bfal Bfal ?
Chromosome ? Human GFAP Promoter Rat Agt cDNA SVA0-PolyA Chromosome ?
—
C

‘ \E‘ SV40-PolyA Chromosome ? I— L
VL |
D l

PCR 1
PCR 2
—
1’“%'*" ETEEET L
Y1
—
PCR24+—
PCR 1

Figure 13 - Schematic representation of the vectorette PCR strategy used for transgene integration mapping.
Representation of the annealed adapter containing an amine group preventing the extension by Taq polymerase of the lower
strand 3" end to prevent circularization “suppression PCR” (A). Representation of the construct used to generate Agt-Tg
integrated in the genomic DNA with mapped restriction sites for Bfa | at the 5"and 3" ends as well as putative region on the
flanking unknown chromosomal sequence (B). Closer look at the SV40-polyA region digested with Bfa | containing a
downstream unknown DNA fragment. In pink are representative adaptor molecules containing AT overhangs matching with the
genomic DNA fragments digested with Bfa | (C). Adaptor molecules ligated to the fragment of interest. The adjacent DNA
sequence is amplified by nested PCR and sequenced to uncover the transgene integration site (D). The arrow lines indicate the
forward and reverse primers.

Table 36 - Primers used for adapter generation and unknown flanking sequence by nested PCR.

Primer pair  Sequence (5’ to 3°) Sense

Adapter GGGGAAAAGGGGAAACCGAGGAATTCTAGAAAGGAGG Forward
TATGCACCTCCTTT-H2N Reverse

PCR 1 GGGGAAAAGGGGAAACCGAGG Forward/Reverse
GTGGTTTGTCCAAACTCATCAATG Reverse/Forward

PCR 2 CCGAGGAATTCTAGAAAGGAGG Forward/Reverse
CTCATCAATGTATCTTATCATGTCTGGATC Reverse/Forward

Underlined primer pair sequences are designed to bind to the vectorette and non-underlined to the SV40-PolyA. The primers from
PCR 1 and 2 sense depends if the transgene is integrated in sense or reverse orientation.
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Table 37 - Mix components and conditions for annealing the adapter for vectorette PCR.

Component Volume (pL)
Oligo 1 (100 uMm) 1.0

Oligo 2 (100 uMm) 0.5

10x T4 Ligation Buffer (Promega) 1.0
Nuclease-free water To 10.0

Annealing conditions were 37°C for 30 min, 95°C for 5 min, and cool down to room temperature on the bench.

Table 38 - Ligation mix to ligate the adaptor to digested genomic DNA.

Component Volume (pL)
Annealed oligos from Table 37 2.0
10x T4 Ligation buffer (Promega) 1.0
T4 DNA Ligase (Promega) 1.0
Digested genomic DNA (200 ng) 6.0

Ligation was performed overnight incubating the mix at 16°C.

Table 39 - PCR reaction mix and cycling program for nested PCR, PCR 1.

Stock Time  Temperature
concentration  Component Volume (L) PCR step (s) (°C) Cycles
10x ThermoPol® Buffer (NEB) 2.5 Initial _ 180 95 1
5mM dNTPs 1.0 denaturation
10 pM Primer 1 05 Denaturation 30 95
10 pM Primer 2 05 Annealing 30 60 7
- Nuclease-free water 18.750 Elongation 300 68
5U/uL Taq DNA Polymerase 0.250 :jn't'T i 180 95 1
- Ligation reaction (Table 38) 1 enatura '_On
- Denaturation 30 95
Final volume 25 .
Annealing 30 60 40
Elongation 120 68
Final 600 68 1
elongation
Hold o 4 -

All PCRs were performed with cycler lid at 105 °C.

Table 40 - PCR reaction mix and cycling program for nested PCR, PCR 2.

Stock

Time

Temperature

concentration Component Volume (pL) PCR step ) C) Cycles
10x ThermoPol® Buffer (NEB) 2.5 Initial _ 180 95 1
5mM dNTPs 1.0 denaturation
10 uM Primer 1 0.5 Denaturation 30 95
10 uM Primer 2 05 Annealing 30 60 40
- Nuclease-free water 18.750 Elongation 120 68
5 U/pL Taq DNA Polymerase 0.250 Final 600 68 1
N . elongation

- Ligation reaction (Table 38) 1

- Hold o0 4 -

Final volume 25

All PCRs were performed with cycler lid at 105 °C.

After finding the integration site of the transgene, few conventional PCRs were performed

to validate the sequence of the integration site. The primer sequences are shown in Table 41, and
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the PCR mixes were assembled with a conventional Tag polymerase (NEB) for detailed

information see section 3.4.1.

Table 41 - Primer pair sequences used to validate the transgene integration site in Agt-Tg.

Name as Annealing  Elongation Band
|1r:1r Figure  Target Sequence (5’ to 3°) Sense Temp (°C)  time (s) length (bp)
4 1o GGCACCTTGGTGTTCCTATC Forward ‘rg"(;Ld;ype -
g junction
PCRL  (chr5/sv-40) 60 30 Agt-Tg -
GTGGTTTGTCCAAACTCATCAATG  Reverse T
4 1a o, COCACCTTGGTGTTCCTATC Forward ‘rg"(;Ld;ype -
g junction
PCRLL  (corsiag 60 45 AgTg -
TGCACTTTCTGGGCAGAGTG Reverse T
hGFAP5end  CACATGTCCAAATGCAGAGC Forward \r:v(;:]d;ype ;
PCR 2 region in Agt- 58 30 Agt-T
Tg TGTAGAGATAGGGTCTTGCC Reverse 1 38' 9-
5 Tgjunction  GGCACCTTGGTGTTCCTATC Forward ‘rg"o':]d;ype )
PCR 3 (Chr 60 30 AT
5/hGFAP) GAACATTGTGTCTGTGCCAA Reverse 7(?0' g
s oo, GTGGTTTGTCCAAACTCATCAATG  Forward ‘r’]"c;'ndetype -
g junction
PCR4  (sva0/chr 5) 60 30 Agt-Tg -
TCACCCACTTTCCCAGCTTC Reverse oo
4 oo, GTGCTTTGTCCAAACTCATCAATG  Forward \r/lvc;Ir]detype -
g junction
PCR4L (g, d0icme) 60 60 AgtTa - up
GTGGTTTGTCCAAACTCATCAATG  Reverse o o1k
4 1o uncion  CTCGTTTGTCCAAACTCATCAATG  Forward ‘r’]"(;:]d:ype -
g junction
CAAACTGTCGCCCAGCTTATTG Reverse oo okt

Tg = Transgene. For better overview refer to Figure 14 at section 4.1.2.

3.4.15 Agt-Tg transgene integration mapping by nanopore sequencing

In addition to the vectorette PCR, the transgene integration site was determined by nanopore
sequencing. This experiment was performed in collaboration with Dr. Veniamin Fishman at the
Institute of Cytology and Genetics of the Novosibirsk State University. High molecular weight
genomic DNA was extracted from freshly collected EDTA-whole blood (see section 3.3.7) from
an Agt-Tg mouse with the kit Wizard® HMW DNA extraction kit (Promega). This kit allows to
extract DNA fragments up to 500 kb which is ideal for long-reading sequencing such as the

nanopore sequencing. Following manufacturer’s instructions, the last two steps are: 1) wash the
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DNA pellet with 70% ethanol; 2) resuspend the DNA pellet in solution. The last step (DNA

resuspension) was omitted, and instead the DNA pellet was air-dried for 1 hour and shipped.

3.5 Hematology methods

3.5.1 Capillary hematocrit

Freshly collected blood into a lithium-heparin tube (see section 3.3.7) was transferred to a
hematocrit glass capillary (Hirschmann). One of the tube’s extremities was closed with a
dedicated sealing clay (Brand). The tubes were centrifuged at 13.000 rpm for 10 min in a
hematocrit centrifuge (Hettich), and the percentage of red blood cells (RBC) was deduced from

total volume measured with a digital caliper (Wabeco).

3.5.2 Mouse clinical hematology

Whole blood collected into EDTA-coated tubes (see section 3.3.7) was kept at room temperature
to preserve cell morphology, and blood cell analyses were carried out with an automated
hematology analyzer (IDEXX #ProCyte DX) within 4 hours after sampling at the animal
phenotyping facility of the Max Delbriick Center for Molecular Medicine (Berlin).

3.5.3 Rat clinical hematology

10 week old rats were sacrificed by isoflurane overdose, and blood was collected from a cardiac
puncture into EDTA-coated tubes immediately after death. Blood cell composition was
quantified shortly after sampling using an automated veterinary hematology analyzer (scil Vet
abc, SCIL Animal Care).

3.6 Histology methods

3.6.1 Paraffin sections preparation

Brains and kidneys were fixed in 4% PFA for at least 1 week. The organs were dehydrated using
a spin tissue processor Microm STP 120 (Thermo Fisher). Accordingly, brains and kidneys were
rinsed twice in PBS and subjected to an ascending ethanol dehydration (twice in 70%, twice in

80%, twice in 96%), additionally incubated twice in isopropanol and twice in xylol, each
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incubation lasted 1 hour. Brains and kidneys were embedded in paraffin, a pre-infiltration step
with paraffin for 1 hour at 67°C and final infiltration step repeating the previous in fresh paraffin.
5 um brain and kidney sections were cut using an automatic microtome HM 355S (Thermo
Fisher), and collected on microscopy adhesion slides. The slides were air-dried overnight and
before usage in the staining protocols were deparaffinized and rehydrated in xylol and descending
ethanol concentrations following sequence: thrice in xylol, thrice in 100% ethanol, once in 90%
ethanol, once in 80% ethanol, once in 70% ethanol, once in 60% ethanol, once in 50% ethanol,

once in 40% ethanol, once in 30% ethanol and twice in ddH»0O, each for 5 min.

3.6.2 In situ hybridization using RNAScope technology

To visualize the transgene (rAgt), in situ hybridization (ISH) using RNAScope technology was
used with a specific probe designed by Advanced Cell Diagnostics (Rn-Agt-O1 #553841, Lot
#20205A). The designed target-specific ISH double-Z probes (ZZ-ISH) with its specific signal
amplification technology, binding exclusively to paired Z probes, allows visualization of single
RNA molecules. This assay consists of mainly 4 steps: first, tissue sections are permeabilized,;
second, 20 ZZ-1SH probes bind to RNA molecules; third: preamplifier oligonucleotide molecules
linked to several amplifiers containing multiple color molecules bind to ZZ-1SH probes; fourth,
single molecules of RNA are visualized with light or fluorescence microscopy. After rehydrated
as described in section 3.6.1, brain sections were mounted on super frost glass slides, and air
dried for 10 min. Section were incubated with 3% H>O> for 10 min at RT to block endogenous
peroxidase, and H>O> was removed washing the sections with ultrapure water. Sections were then
heated at 100-104 °C in antigen retrieval buffer (RNAscope Target Retrieval, Ref. #322001,
Advanced Cell Diagnostics (ACD)) in a steamer for 15 min, washed in distilled water followed
by a wash with 100% EtOH, and air dried for 10 min. The sections were then incubated with pre-
warmed ISH target probe pairs at 40°C in the hybridization oven for 2 h. After incubation,
sections were washed with RNAScope washing buffer. The signal was amplified using the pre-
amplifier and amplifier conjugated to alkaline phosphatase and incubated with a Fast-Red
substrate solution for 10 min RT, according to the instructions of the manufacturer. Excess of dye

was removed by washing the sections in ultrapure water. Before microscopy visualization, brain

-87-



Material and methods

sections were either counterstained with hematoxylin for nuclei visualization or dually stained

with immunofluorescence for GFAP, as described in section 3.6.3.

3.6.3 Immunofluorescence combined with RNAScope

Brain sections submitted to the RNAScope ISH protocol (section 3.6.2) or 5 um rehydrated brain
sections (section 3.6.1) were incubated in PBS for 1 hour at room temperature. Antigens and
epitopes were unmasked by boiling the sections in sodium citrate buffer (Table 42). Sections
were washed twice with PBS for 5 min and then blocked by incubation with 10% normal donkey
serum diluted in PBS for 1 hour at RT. Brain sections were incubated overnight at 4°C in a wet
chamber with a primary antibody (anti GFAP) diluted in PBS (Table 4). On the next day, sections
were washed 3x for 5 min each with PBS, incubated with a suitable secondary antibody diluted in
PBS for 2 hours at room temperature in a dark room. Finally, sections were washed 3x for 5 min
each with PBS, and were mounted with Vectashield mounting medium containing nuclei staining

4, 6-diamidino-2-phenylindole (DAPI) and covered with a cover slip.

Table 42 - Buffer used for immunofluorescence.

Buffer Components

10 mM Sodium citrate
0.05% (v/v) Tween-20
Phosphate-buffered saline (PBS), pH 7.4 See Table 15

sodium citrate buffer, pH 6.0

3.6.4 Immunofluorescence in cryosections

Sample preparation: Mice were sacrificed and the whole brains were carefully removed and fixed
in buffered 4% paraformaldehyde solution (Otto Fischar) for 24 hours at 4 °C. Then, brains were
transferred to 30% (wi/v) sucrose solution and incubated at 4°C until the brain sunk to the bottom
of the tube (~ 3 days). Brains were then frozen in isopentane on dry ice and stored at -20 °C until
cryosectioning. 50 pum brain coronal cryosections were prepared using a cryostat (Thermo
Scientific) fixing brain samples at the platform with Tissue-Tek (Sakura). The sections were

washed at room temperature twice with 1x PBS to remove excess of Tissue-Tek.

Immunostaining: Free-floating sections were permeabilized by incubation in PBS containing
0.1% (v/v) Triton-X 100 for 1 hour and blocked by incubation in 10% (v/v) normal donkey
diluted in PBS for 1 hour at room temperature. Brain sections were then incubated for at least 20
hours at 4°C with a primary antibody (anti AVP) diluted in PBS (Table 4). Subsequently,
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sections were washed 3x with PBS to remove excess of primary antibody and incubated with a
secondary antibody conjugated to a fluorophore (anti-rabbit-Cy3, Table 4) for 2 hours at room
temperature. Sections were then washed 3x with PBS and mounted on SuperFrost® Plus slides,
air dried for 30 minutes and coverslipped with Vectashield mounting medium containing nuclei
staining DAPI. Images were taken next day using Keyence light/fluoresecence Microscope (BZ
9000, Germany).

3.6.5 Haematoxylin-Eosin staining

Kidney Haematoxylin-Eosin (HE) staining was performed to have a general morphological
overview of the organ in the different mouse strains. Deparaffinized and rehydrated sections were
initially incubated 10 min in tap water. To stain the cellular nuclei, the slides were incubated in
haematoxylin for 5 min and washed 3x with tap water, 10 min each. To remove haematoxylin
excess and nuclear differentiation, the slides were incubated in hydrochloric acid solution (0.11%
HCI, 67.2% ethanol) for 3 sec, and rinsed in tap water. Cellular cytoplasm was stained incubating
the slides in an eosin solution (eosin Y, 0.5 % (w/v) in acidified 90% ethanol) for 3 min. Sections
were dehydrated in increasing alcohol concentration (80%, 90%, 100% ethanol,) 1 min each, and
xylene for 3 min twice. Finally, the slides were mounted with Eukitt mounting medium and
covered with a cover slip. Slides were allowed to air-dry for at least 24 hours before the

observation and pictures were obtained with an inverted microscope BZ-9000 (Keyence).

3.6.6 Picro sirius red staining

Renal fibrosis was visualized using the picro sirius red staining technique. Deparaffinized and
rehydrated sections were washed with tap water for 10 min. After, the sections were incubated in
Picro Sirius Red solution (0.1% Sirius red F3B in saturated aqueous solution of picric acid) for 1
hour at room temperature. Finishing the incubation, the slides were washed twice with acidified
tap water (0.5% glacial acetic acid), dehydrated (3x 100% ethanol), cleared with xylene, and
coverslipped using Eukitt mounting medium (ORSAtec GmbH, Bobingen, Germany). Slides
were allowed to air-dry for at least 24 hours before the observation and pictures were obtained

with an inverted microscope BZ-9000 (Keyence, Osaka, Japan).
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3.7 Biochemistry methods

3.7.1 Plasma and urine clinical chemistry

Several plasmatic and urinary biomarkers were measured using an automated chemistry analyzer
AU480 (Beckman Coulter, Brea, USA) by trained personnel at the animal phenotyping facility of
the Max Delbriick Center for Molecular Medicine. Electrolyte measurements were performed
with ion selective electrodes and other parameters with colorimetric reactions that are
photometrically measured. The following parameters were measured in urine (sodium, potassium,

albumin and creatinine) and plasma (sodium, potassium, chloride, albumin, total proteins, urea,

creatinine, glucose). Blood urea nitrogen (BUN) was calculated using the formula BUN

(Urea’0.467). Plasma osmolality was calculated with the formula Osmolality
{[2(Na)+(GLC)]/[18+(BUN)/2.8]}. Note: Plasma electrolytes were measured from blood

collected in a tube containing lithium-heparin MiniCollect®.

3.7.2 NE quantification

Urine samples were readily used in the ELISA, while kidneys were homogenized with a benchtop
homogenizer (MP Biomedicals, Germany) and FastPrep™ lysing matrix tubes containing 4-5
ceramic matrix beads (diameter 2.8 mm) (MP Biomedicals). Kidneys and mesenteric arteries
were homogenized 1:40 and 1:100 (w/v), respectively in tissue NE homogenization buffer (Table
43). The homogenization in acid solution prevents NE oxidation during homogenization.
Homogenates were then centrifuged at 10.000 x g for 10 min at 4 °C and the supernatant
collected into a new tube and used for NE measurements. NE levels were measured using an
enzyme-linked immunosorbent assays (ELISA) kit (Labor Diagnostika Nord, Nordhorn,
Germany) following manufacturer’s instructions. Briefly, first, NE is extracted using a 48-well
plate containing a cis-diol-specific affinity gel, acylated, and enzymatically metabolized. Second,
a competitive immune assay is performed transferring the extracted NE to a 96-well plate
containing antigen bound to its solid phase. Third, an antiserum is added to the plate and washed
out. Finally, the amount of remaining antisera bound to the plate is quantified at 450 nm using an
antibody anti-rabbit IgG-peroxidase conjugate. Sample NE concentrations were deduced from a 6
points (0 - 1000 pg/mL) standard curve prepared with supplied standards. Urinary NE

concentration was normalized to the urinary creatinine levels, while tissue NE to the tissue
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weight obtained before the homogenization with a precision balance. To avoid any inter-assay

variance, all samples contained in a graphic were run on a single 96 well ELISA plate.

Table 43 - Buffer used to homogenize tissues for NE quantification.

Buffer Components
1 mM EDTA
Tissue NE homogenization buffer 4 mM Sodium disulfite

0.01 N Hydrochloric acid (HCI)

3.7.3 Urinary Nitrate and Nitrites (NOXx)

To estimate overall nitric oxide (NO) production, the byproducts of NO metabolism (nitrate and
nitrites) were quantified in timed urine samples using a commercial nitrate/nitrite colorimetric
assay kit (Cayman). First, urine samples were diluted 1:40 (v/v) in ultrapure water. Second,
nitrate was enzymatically converted to nitrite using nitrate reductase. Third, NOx (nitrite) levels
were calorimetrically measured adding the Griess reagent that leads to the formation of a purple
azo compound that was measured at 540 nm. Urinary sample NOx concentration was calculated

using a nitrite standard curve supplied with the Kit.

3.7.4 Protein extraction

Frozen organs were weighed using a precision scale and homogenized in RIPA buffer (100
mg/mL, cell signaling) supplemented with protease and phosphatase cocktail inhibitors. Samples
were homogenized 2-4 times (depending on the organ) in FastPrep™ tubes containing 4-5
ceramic matrix beads (diameter 2.8 mm, MP Biomedical) for 40 s at speed level 4 using a
Benchtop homogenizer, FastPrep-24 (MP Biomedical). After homogenization samples were
frozen and thawed 3 times to break intracellular membranes, and incubated on a wheel shaker for
30 min at 4 °C. Next, cellular debris were separated by centrifugation at 13.000 g for 10 min at 4
°C. The supernatant was transferred into a clean 1.5 mL tube and stored at -20 °C until usage.

Plasma protein extracts were prepared diluting EDTA-plasma in ultrapure water (1:10, v/v).

3.7.5 Protein concentration determination

Sample total protein concentration was determined using the bicinchoninic acid assay with a

commercial kit (Sigma). In this method, proteins reduce Cu?"* to Cu*, which reacts with

-91 -



Material and methods

bicinchoninic acid, forming a purple-colored complex with shade intensity proportional to the
protein amount. For the protein quantification assay, protein extracts were diluted either 1:10 or
1:20 in ultrapure water. The assay was prepared mixing 5 puL of sample and 100 pL of working
solution (4% copper sulfate and bicinchoninic acid, 1:50) freshly prepared in a 96-well plate.
After mixing the protein extract with the reagent, the plate was incubated for 30 min at 37 °C and
the absorbance read with a microplate reader at 562 nm. All samples were pipetted in duplicates,
and each measurement (plate) contained a 5 points standard curve prepared with BSA (0.1 - 1.0
ug/uL). In addition, a zero (blank) measurement was performed mixing the sample preparation
buffer with the working solution as above, the resulting absorbance measurement was subtracted
from standard all curve points and samples. Protein levels were calculated using the line equation

generated by plotting the linear standard curve values.

3.7.6  SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis was used to separate tissue
extracted proteins by their molecular weight. Proteins extracts from section 3.7.4 were mixed
with 4x concentrated reducing buffer based on the Laemmli formulation (Carl Roth). Proteins
were denatured by boiling the mixture at 95 ‘C for 5 min. This buffer contains SDS and p-
mercaptoethanol which denature the proteins resulting in linear polypeptides with the same
charge to molecular mass ratio. SDS is a negatively charged detergent that uniformly binds to
proteins resulting in linear sequence meaning that secondary, tertiary and quaternary structures

are lost, and B-mercaptoethanol irreversible destroys disulfide bridges.

Gels were casted using a 1 mm mini-PROTEAN® Tetra Handcast Systems (Bio-Rad),
casting 4,5 cm of 10 or 15 % acrylamide/bisacrylamide gel (Table 44). Immediately after pouring
the gel, 1 mL of water was added on top to develop a straighten line. After polymerization water
was carefully removed with a Whatman paper stripe, and 2.5 cm of 5% acrylamide/bisacrylamide
stacking gel was added (Table 44). A comb containing either 10 or 15 wells was added to the gel,
and after gel polymerization gels were wrapped in wet (tap water) towel paper and stored at 4 °C
until use but not longer than a month. 20-50 pg of denatured proteins were loaded on a gel and
the gels run using the electrophoresis buffer (Table 45) in a gel electrophoresis chamber (Bio-
Rad). Electrophoresis was performed first at fixed voltage 60 mV until the proteins migrated

from the stacking into the separating gel, and 120 mV until the dye front migrated out of the gel.
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One of the wells was loaded with 5 pL molecular weight marker Precision plus protein™
standards all blue (Bio-Rad).

Table 44 - Composition of the SDS polyacrylamide gels.

Component 10% Separation gel ~ 15% Separation gel 5% stacking gel
Ultrapure water 7.9 mL 6.54 mL 5.5mL

1.5 M Tris-HCI pH 8.8 5.0mL 5.0mL -

1M TrispH 6.8 - - 1.0mL

SDS 10% 200 pL 200 pL 80 pL

30% Acrylamide/bisacrylamide (37.5:1, Carl Roth) 6.8 mL 8.16 mL 1.3mL

10% (w/v) APS 100 pL 100 pL 50 pL
TEMED 20 pL 20 pL 20 pL

The volume shown is used to cast four 1mm gels.

Table 45 - Composition of the electrophoresis buffer.

Buffer Component
192 mM Glycine
10x Electrophoresis buffer, pH 8.3 25 mM Tris

0.1% (w/v) SDS

3.7.7 Western blotting

Proteins separated by electrophoresis were transferred from the SDS-PAGE gel onto a
nitrocellulose membrane. The stacking gel was removed, and the separating gel was placed in a
“sandwich”. For this, Whatman paper and the membrane were shortly rinsed in transfer buffer
(Table 46), and mounted as 3x Whatman paper, membrane, gel and 3x Whatman paper. Protein
transfer was performed using a semi-dry transblot turbo (Bio-Rad) at 25V, 1.0A for 30 min.
Membranes were stained reversibly with Ponceau solution for 3-5 min (Table 46), the membrane
was rinsed in tap water to remove Ponceau excess. Transfer quality and equal protein loading
control were visually controlled observing the Ponceau staining pattern. To remove the Ponceau

staining, the membrane was incubated in PBS-T for 20 min (Table 46) under constant rolling.

Subsequently, membranes were blocked with a PBS based blocking solution (LI-COR)
for 1 hour at room temperature. After blocking, membranes were incubated with the primary
antibody which was diluted as shown in Table 4. 5 mL of primary antibody was incubated with

the membrane overnight at 4 °C under constant rolling. On the next day, the primary antibody
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was removed and the membrane was washed twice with 10 mL of PBS-T for 10 min. After
washing, membranes were incubated with an appropriate fluorescent conjugated secondary
antibody (Table 5) for 2 hours at room temperature. Membranes were washed twice with 10 mL
of PBS for 10 min. Finally, the membrane was scanned using an Odyssey infrared imaging
system (LI-COR). The signals were visualized and/or analyzed using the Image Studio Lite
Software (LI-COR). For protein quantification, brain and kidney protein levels were normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) following the protocol above using the
same membrane. Plasma Agt levels were normalized to a total protein stain of the membrane

with a commercial kit (LI-COR) after protein transfer and before membrane blocking.

Table 46 - Composition of the transfer buffer.

Buffer Component
192 mM Glycine
10x Transfer buffer, pH 8.3 25 mM Tris

20% (v/v) Methanol

0.5 % (w/v) Ponceau-S

Ponceau staining solution L
1 % (v/v) Acetic acid

PBS-T 0.05 % (v/v) Tween-20 in 1x PBS from Table 15

3.7.8 Angiotensin peptides quantification

Tissue angiotensin peptides levels were measured in plasma and brain using liquid
chromatography—-tandem mass spectrometry (LC-MS/MS) by the company Attoguant
Diagnostics (Vienna, Austria), except for one experiment in section 4.3.1.3 where plasma Ang 11
levels were measured using a radioimmunoassay as described by Schelling et al. (131). This

experiment was performed before the start of this PhD thesis.

Sample collection: A cardiac puncture was used to collect ~800 uL of blood with a 23 G needle
coupled to a 1 mL syringe containing 40 uL of a blood collection cocktail (specific inhibitors for
Ren and aminopeptidases, EDTA, pepstatin A, p-hydroxymercuribenzoic acid and
phenanthroline) provided by the company. Blood was centrifuged at 3000 g for 10 min at 4 °C ,
and plasma was transferred to a new tube, and snap frozen in dry-ice. Whole brains were rapidly
removed from the skull, briefly washed in ice-cold PBS to remove blood excess and snap frozen
in liquid nitrogen. Finally, the samples (brains and plasma) were shipped in dry-ice to Attoquant
diagnostics (Vienna, Austria) for the LC-MS/MS Ang peptides quantification.
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Sample processing and quantifications: These steps were performed at Attoquant Diagnostics
(Vienna, Austria) as previously described (78, 132). Briefly, whole brains were pulverized in
liquid nitrogen, and immediately dissolved in solution (ice-cold 6M guanidine hydrochloride
supplemented with 1 % (v/v) trifluoroacetic acid). Brain homogenates and plasma were spiked
with known concentrations of stable isotope-labeled internal standards peptides for Ang I, Ang I,
Ang 111, Ang 1-7 and Ang 1-12 previous to C18-based solid-phase extraction and LC-MS/MS.

3.8 Computer biology methods

3.8.1 Genome-wide association study (GWAS)

Experimental measurements: The acute baseline MAP of 67 F2 Agt-KO (males and females) was
established as described in section 3.3.3. In addition, the MAP phenotype was correlated to the
wet heart weight measured to confirm the phenotype (see section 3.3.8). In case the heart weight
was not in the expected range for the animal measured MAP, the sample in question was

excluded from the analyses.

Genome-wide association study (GWAS). The resulting SNP mapping sequences of 67 samples
generated by Neogen (Scotland, UK) as described in section 3.4.13 were analyzed in
collaboration with Dr. Zouhair Aherrahrou and Syed M. I. Haider from the Institute for
Cardiogenetics at the university of Lubeck. Briefly, out of 143.259 markers from the GIGA-
MUGA, 33.069 autosomal polymorphic markers “SNPs” among C57BL/6 and FVB/N were
identified and used for the analyses. The data analysis was performed with PLINK 1.9 or 2.0
using two logistic regression models a general additive model and a dominant model. In the
dominant model hypotensive mice were treated as controls (as C57BL/6) and normotensives as
cases (as FVB/N).

3.9 Statistical analyses

Statistical analysis and graphs were performed using the GraphPad Prism software. Data are
displayed as mean + SD or mean + SEM. Data Gaussian distribution was tested using D'Agostino
& Pearson omnibus normality test as well as Shapiro-Wilk, and Kolmogorov-Smirnov-test

(depending on the sample size). Data was analyzed by two-sided unpaired or paired Student’s t
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tests to compare means differences among two groups. For comparison of more than 2 groups
one-way analysis of variance (ANOVA) with post-hoc test of Tukey was applied. To calculate
the effect of two variables of interest 2-way ANOVA followed by Tukey’s post hoc test was
used. To access treatment effect overtime among different experimental groups, 2-way repeated-
measures ANOVA followed by Tukey’s or Dunnett’s multiple comparison post hoc test was
applied. Differences between two groups with a P value < 0.05 were considered statistically
significant; the symbols representing the degree of significance are included in each figure

legend.
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4 Results

4.1 Basic characterization of Agt-Tg “FVB/N-Tg(hGFAP-rAgt)24Bdr”

Agt-Tg was already generated before the start of my PhD project. The major goal was to increase
brain RAS activity by increasing the expression of the RAS precursor protein Agt. To achieve
high levels of brain Agt, this transgenic mouse line overexpresses the rAgt gene under the control
of the hGFAP promoter. Thus, Agt is overexpressed in astrocytes which is the main cell type
naturally producing Agt in the brain (61, 71, 133). The model was thoroughly validated to assure
that any cardiovascular phenotype developed is due to central RAS activity instead of off-target
Agt expression. The most relevant tests for transgenic model validation typically include cellular
specificity and quantification of transgene expression, especially for secreted proteins such as Agt
with receptors binding to Agt-derived peptides located virtually in all cardiovascular organs with
potential to modulate cardiovascular homeostasis.

4.1.1 Generation and establishment of Agt-Tg

Following the pronuclear microinjection procedure, all putative line founders were genotyped.
The genotyping PCR indicated the presence of one positive founder; this transgenic mouse was
bred with wildtype FVB/N. The genotyping of the F1 generation confirmed transgene germline
transmission and the Agt-Tg line was established. In addition, the males and females from the F1
offspring were crossed with FVB/N wildtypes, and both generated litters containing transgenic
and wildtype mice. In subsequent breeding rounds, heterozygous transgenics were intercrossed to
induce transgene homozygosity in the F2. The expected mendelian ratio for the offspring’s
genotype is ~75% transgene (25% Tg/Tg, and 50% Tg/wt) and ~25% wildtype (wt/wt), however,
the genotype of 103 offspring yielded ~50% transgenic and ~50% wildtype (Table 47). In
addition, a PCR mix with 3 primers at the transgene integration site was used to search for mice
with biallelic copies of the transgene. However, the PCR indicated that all transgenic mice (59)
contained monoallelic transgene copies. In addition, stillborn and post-natal mortality was
apparently not different among the heterozygous Agt-Tg and wildtype genotypes. Collectively

the genotyping of Agt-Tg in the breeding schemes mentioned above revealed 3 main features of
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this line: First, males and females are fertile; second, the transgene is not integrated in one of the
allosomes; third: a failure to induce homozygosity. One possible explanation is that the construct
integration may have disrupted a key genomic region which is essential during development and
therefore homozygous transgenic mice are not viable. However, heterozygous Agt-Tg mice
developed normally (see Table 48 in section 4.2), and do not display any gross morphological
alteration. Therefore, we decided to further validate the model and perform the cardiovascular
phenotyping in this transgenic line.

Table 47 - Stratified genotyping of 103 offspring from confirmed heterozygous Agt-Tg parents.

Sex Agt-Tg genotype Observed Expected
Positive, Tg/wt or Tg/Tg 59 77.25
All Negative, wt/wt 44 25.75
a P =0.0001
Positive, Tg/wt or Tg/Tg 28 345
Males Negative, wt/wt 18 115
4 P =0.0269
Positive, Tg/wt or Tg/Tg 31 42.75
Females Negative, wt/wt 26 14.25
a P =0.0001

4.1.2 Transgene integration site mapping and copy number

Random foreign DNA integration in the genome may reveal unprecedent gene functions (134).
Since homozygosity of the transgene in Agt-Tg mice was not compatible with life, mapping the
exact transgene integration site became an attractive experiment to be performed. For this, a
vectorette PCR strategy was used, and complemented with nanopore sequencing. After digesting
Agt-Tg genomic DNA with Bfa | and ligating with a corresponding adaptor, we could point out
that the transgene integrated at the mouse chromosome 5 in the region shown in Figure 14A.
Because the sequencing analyses showed chromosome 5 sequence in forward orientation and
SV40-PolyA in reverse, we assumed the transgene integrated in reverse orientation as represented
in Figure 14A. This was confirmed using conventional PCR used to amplify the transgene 3
SV40-PolyA junction with the fragment sequenced from the transgenic animal (PCR 1, Figure
14A,C). In parallel, a long read from the nanopore sequencing confirmed the integration site at
chromosome 5, and additionally revealed that a part (~350 bp) of the 5" end of the original
hGFAP promoter was lost and there was a fragment of SV40-PolyA integrated upstream in
reverse orientation (Figure 14B). To confirm that a part of the hGFAP promoter sequence was
lost, we attempted to amplify with conventional PCR the putative deleted region in Agt-Tg but
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failed, confirming the nanopore sequencing finding (PCR 2, Figure 14A,C). The transgene
orientation suggested by the nanopore sequencing was validated (PCR 1.1, Figure 14A,C) and
(PCR 3, Figure 14B,C). Agt-Tg showed positive amplification only in PCR 3 (Figure 14C)
suggesting that the transgene integrated in sense orientation regarding the reference sequence
(Figure 14B). We attempted to map the transgene 3"end integration site using primers in reverse
orientation, 74bp, ~1Kb and 2.5Kb downstream of the integrations site at its 5’end (Figure 14B,
PCR 4, 4.1 and 4.2). However, none of the PCRs yielded visual amplicons, suggesting a deletion
larger than 2.5Kb during transgene integration. The final mapping of the transgene including its
location and orientation is shown in Figure 14B. Figure 14D shows that the transgene integrated
in an intergenic region where regulatory elements of downstream genes or genes marked in green

might be deleted. However, the precise 3" integration site remains to be determined.

Often transgenic rodents contain multiple copies of the transgene because it usually
integrates in tandem (135). This could potentially lead to chromosomal recombination events
explaining the SV40 polyA sequence at the 5" junctions of the integrated construct. However,
downstream copies of the insert would likely still have the full promoter sequence and because
PCR 2 at Figure 14B did not show amplification most likely a single copy of the transgene
integrated. To confirm this hypothesis, genomic DNA was used to quantify the transgene copy
number by gPCR. The most convenient design to perform this experiment would be comparing
the Ct values between confirmed homozygous and heterozygous Agt-Tg. Because homozygous
animals were not possible to generate, a similar strategy was designed including the endogenous
mAgt allele. For this, mice carrying two endogenous wildtype alleles (2 mAgt copies) or with one
targeted deleted copy (1 mAgt) were used as controls, and in addition mice harboring the
transgene with either 1 or 2 mAgt copies were included (Figure 15A). Genomic DNA loading
was verified with by Adra2a Ct values (Figure 15B). The comparison of ACts among the
different mouse genotypes strongly indicates that Agt-Tg harbors a single copy of the transgene
(Figure 15A).
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Figure 14 - Schematic representation of the mapped transgene integration.

Using vectorette PCR, a transgene SV-40 poly A junction was found at the chromosome 5, and PCR 1 was used for confirmation.
Because the SV-40 was found in reverse orientation and chromosome 5 sequence in forward the transgene was assumed to be
integrated in reverse orientation (A). Using nanopore sequencing, it turned out that part of the hGFAP promoter was lost and a
piece of SV-40 polyA integrated upstream of the promoter in reverse orientation but hGFAP in forward orientation (see red
bracket). This unexpected phenomenon was validated by PCRs 1.1 and 3 (B). Agarose gel electrophoresis products of the PCRs 1,
1.1, 2 and 3 (C). Intergenic transgene integration at chromosome 5 with neighboring genes. The red arrow represents the
integration site of the transgene, and marked in green the possibly deleted chromosomal segment during transgene integration
(D). PCR 4, 4.1 and 4.2 were performed to verify the 3"end integration of the transgenic with a reverse primer at the positions
~100, 1000 and 2500bp downstream of the 5°-transgene integration site at Chr 5, respectively. However, none of these PCRs
yielded visual amplifications. Chromosomal coordinates are based on GRCm39 for the mouse reference strain (C57BL/6). The
arrow lines indicate the forward and reverse primers. Chr 5 = chromosome 5. D was generated online®.

9 https://www.ensembl.org/
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Figure 15 - Quantification of the transgene copy number in Agt-Tg.

Ct values obtained by gPCR using genomic DNA of mice positive or not for the transgene and containing 1 or 2 copies of the
wildtype mAgt allele (A). Control gPCR for genomic DNA loading (B). Note in A the ACt difference between mAgt-Hom / Tgn!
X mAgt-Het / Tg™!' of 1 Ct is expected (= 1 Ct per copy) validating the strategy. ACt difference between mAgt-Hom / Tg™! x
mAgt-Hom / Tg* of 0.5 Ctindicate a single transgene copy (mAgt-Hom / Tg*, 2 mAgt + 1 rAgt). In addition, the fact there is no
ACt difference between mAgt-Hom / Tg™!" and mAgt-Het / Tg* confirms the finding (mAgt-Het / Tg*, 1mAgt + 1 rAgt). Finally,
the ACt difference of 0.5 between mAgt-Hom / Tg* x mAgt-Het / Tg* confirms the transgene single copy integration in Agt-Tg.
mAgt-Hom = 2 wildtype copies of the mAgt allele, mAgt-Het = 1 wildtype and 1 gene targeted copy of the mAgt allele, Tg"™!'= 0
allele for the transgene, 1 Tg* = 1 allele positive for the transgene (rAgt).

4.1.3 Validation of the brain specificity of transgene expression

To validate the brain specificity of the transgene expression in Agt-Tg, qualitative RT-PCR with
the same primer pair used for the transgene copy number identification® was used in organs of
Agt-KO-Tg and wildtype. In the wildtype mice, Agt expression was observed in expected tissues
as liver and brain. However, in Agt-KO-Tg line, only brain expression was observed confirming
brain-specificity of transgene expression not only in Agt-KO-Tg but also in Agt-Tg (Figure 16A).
Additionally, PCR products from wildtype and Agt-KO-Tg brains samples were sequenced, and
the resulting DNA alignment of the sequences matched the mouse and rat Agt cDNASs in wildtype
and Agt-KO-Tg, respectively. Because Agt is a secreted protein, the presence of Agt protein in
plasma was investigated in Agt-KO-Tg and Agt-Tg using western blot. Figure 16B shows a lack
of the expected ~53 kDa Agt band in Agt-KO validating the specificity of the antibody.
Wildtype, Agt-Tg and rat plasma displayed the characteristic Agt band as expected but Agt-KO-

10 The primer pair recognizes both mAgt and rAgt cDNA, but it is designed at the deleted region of Agt-KO.
Therefore any PCR product in Agt-KO-Tg must be transgene-derived “rAgt™
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Tg lacks plasma Agt immunoreactivity indicating a lack of peripheral Agt production as wells as

a lack of brain Agt spillover into the circulation.
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Figure 16 - Brain specific Agt expression in transgenic animals.

Brain-specific transgenic rAgt expression in BR = brain-rescue = Agt-KO-Tg, and organ specific expression of the endogenous
mAgt in WT = wildtype (A). Agt protein was detected by western blot in FVB/N (wildtype), Agt-Tg and rat plasma. Agt was not
detected in Agt-KO and Agt-KO-Tg. An unspecific band was detected in all samples therefore used as loading control. Each lane
was loaded with 40 pg of plasma extract (B). W=white; B=Brown; S= salivary and M= muscle, H20 = negative control.

4.1.4 Brain transgene distribution

To localize transgene expression in the brain, ISH with the RNAScope method was used. The
transgene was found to be wide-spread expressed in the brain of Agt-Tg mice (Figure 17),
including, the hypothalamic and brainstem regions where cardiovascular homeostasis controlling
nuclei are located as the paraventricular nucleus of the hypothalamus (PVN) (Figure 17). Because
of the highly conserved mouse and rat Agt mMRNA sequences, the probe designed to target the
transgene (rAgt) also binds to mAgt (Figure 17). Therefore, quantification of total Agt (tAgt,
endogenous + transgene [mAgt + rAgt]) and mAgt were performed using RT-qPCR with specific
primers to quantify brain Agt mRNA see section 4.1.5.
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FVB/N Agt-Tg

Brainstem

SRS

Figure 17 - Brain transgene expression visualization.

Chromogenic visualization of transgene expression using RNAScope (red dots) in wildtype and Agt-Tg brain sections, nuclei
were counterstained with hematoxylin (blue dots). Scale bar = 500 wm (magnification x2); scale bar = 50 pm (magnification x20).
paraventricular nucleus of the hypothalamus (PVN).

In order to validate if the transgene is expressed by astrocytes, we combined RNAScope
for rAgt with immunofluorescence staining with an antibody against mouse GFAP. Figure 18
shows abundant transgene expression in GFAP positive cells, demonstrating successful astrocyte-

specific transgene expression.
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Agt

Merge - DAPI

Figure 18 - Brain transgene mRNA localization in GFAP positive cells.
ISH using RNAScope against rAgt (red) combined with immunostaining against GFAP protein (green) in Agt-Tg brain, nuclei
were counterstained with DAPI (blue). Scale bar = 50 pm.

4.1.5 Quantification of transgene expression in the brain

To quantify the brain transgene expression in transgenic mice, RT-qPCR was used to measure
tAgt mRNA levels. Initially, tAgt mMRNA was quantified in whole brains of Agt-KO-Tg and Agt-
Tg. Figure 19A shows increased levels of tAgt in Agt-KO-Tg and Agt-Tg. Next, tAgt expression
levels were quantified by RT-gPCR in key brain regions for cardiovascular control. tAgt mMRNA
was found increased in Agt-Tg hypothalamus (Figure 19B), and Agt-KO-Tg and Agt-Tg
brainstem (Figure 19C). mAgt expression was analyzed in the same samples with the same
method. Figure 19D-F shows that wildtype and Agt-Tg have comparable levels of mAgt mMRNA
in the whole brain as well as in the cardiovascular areas, indicating a non-suppressive effect of
the transgene overexpression on the endogenous mAgt gene. Interestingly, AT1la-KO mice
presented a small increase in mAgt only in the brainstem (Figure 19F). Additionally, Agt protein
levels were found increased in Agt-Tg whole brains by western blot quantification confirming an
overall increased brain RAS precursor protein Agt in Agt-Tg central nervous system (Figure
19G).
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Figure 19 - Brain Agt expression.

Total (rat and mouse) Agt (tAgt) mRNA expression in whole brain (A), hypothalamus (B) and brainstem (C). Mouse Agt (mAgt)
mRNA expression in whole brain (D), hypothalamus (E) and brainstem (F). Increased tAgt protein levels in brains of Agt-Tg (G).
For (A-F) values are mean + SD; "P<0.01, ™"P<0.001; *""P<0.0001 vs FVB/N; ##P<0.0001 vs Agt-KO; (ANOVA followed
Tukey multiple comparison post hoc test). For (G) values are mean + SD “P<0.05, vs FVB/N (Student’s t test).

In addition to Agt mMRNA GFAP mRNA levels were quantified in brain relevant areas for
cardiovascular control mainly for two reasons. First, Agt-KO was previously described to
produce lower GFAP protein in experimental cold induced astrogliosis (136). Second, to test if
increased Agt expression could induce astrogliosis itself therefore further increasing its
expression because transgene expression is controlled by the hGFAP promoter. Agt-KO
presented reduced GFAP expression in the hypothalamus (Figure 20A) and brainstem (Figure
20B) but the rAgt astrocyte-specific expression did not recover the phenotype in Agt-KO-Tg, and
Agt-Tg presented unaltered brain levels of GFAP mRNA. Finally, the levels of rAgt mMRNA were
measured to compare the transgene expression among Agt-KO-Tg and Agt-Tg. Despite of
displaying slightly reduced GFAP mRNA, Agt-KO-Tg presented similar levels of brain rAgt
MRNA in comparison to Agt-Tg (Figure 20C,D).
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Figure 20 - Brain expression of GFAP and transgene “rAgt”.

Decreased GFAP mRNA levels in hypothalamus (A) and brainstem (B) of Agt-KO and Agt-KO-Tg. Comparable rAgt gene
expression among Agt-KO-Tg and Agt-Tg in the hypothalamus (C) and brainstem (D). Values are mean + SD "P<0.05 vs
FVBI/N; (ANOVA followed by Tukey multiple comparison post hoc test).
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4.2 Morphometry

Baseline body weight was obtained from the most used mouse strains at the age of 13-14 weeks
which comprises the age used for the cardiovascular phenotyping. Interestingly, AT1la-KO
presented elevated body weight (Table 48). In addition, tibia length measurements revealed that
AT1a-KO has longer tibia, indicating this line likely presents increased body size. When the body
weight was normalized to the tibia length, no difference in body weight was observed except for
atrend in AT1a-KO (Table 48). The wet weight of the adrenal grands, kidneys, lungs, and spleen
were indistinguishable among all lines, except for the spleen in Agt-Tg that was heavier in
comparison to controls (Table 48). The heart weight / tibia length ratio was also measured, since

this parameter strongly correlated with the BP, the data is found in section 4.3.2, Figure 27.

Table 48 - Body and wet organ weight at age of 13-14 weeks.

Parameter (unit) FVBIN, n=7 AT1a-KO, n=7 Agt-KO, n=7 Agt-KO-Tg,n=6  Agt-Tg, n=8
Body weight (g) 296 1.7 328+21" 29.4+09 289+1.7 31.6+20
Tibia length (mm) 17.4+0.3 18.0 +0.1" 176 +0.3 176 +0.2 17.7+0.3
Body weight/tibia length (g/mm) 1.69+£0.10 1.82+0.12 1.67 £0.04 1.64 +£0.08 1.78£0.10
Kidney weight/tibia length (mg/mm) 12.7 £0.51 13.6 +1.75 12.09 £1.00 11.09 £0.75 1293 +1.12
Adrenal weight/tibia length (mg/mm)  0.34 £0.12 0.18 £0.06 0.32+£0.13 0.36 £0.15 0.37 £0.10
Spleen weight/tibia length (mg/mm) 7.28 +0.48 7.00 £0.94 7.90 £0.77 7.59 +0.78 8.48 +0.65"
Lung weight/tibia length (mg/mm) 9.19+1.02 10.05 + 0.58 8.42 + 0.66 8.86 £ 0.85 9.62 £ 0.96

Kidney weight = left kidney. Adrenal gland weight = both adrenals polled. Values are mean + SD. "P<0.05vs FVB/N; (ANOVA
followed by Tukey multiple comparison test).

4.3 Brain Ang Il and cardiovascular modulation

4.3.1 Evidence of local brain Ang Il formation

Modulatory effects of brain Ang Il on cardiovascular control are largely acknowledged, however,
local brain Ang Il formation lacks robust evidence. A major caveat in the field is the very low
levels of central Ren and the truncated Ren protein expressed in the brain accumulates in the
cytosol with no access to secreted Agt (77, 137). Furthermore, attempts to measure Ang Il in
rodent brain often yield very low or undetectable Ang Il levels. Another confounding factor is the
peripheral Ang Il that can bind to its receptors at the brain vasculature and circumventricular
organs, which could possibly account for the detected brain Ang Il (76). Because a synthesis
pathway for brain Ang Il formation is not yet defined, we sought to use our newly generated
transgenic model with brain-specific increased Agt production to verify if the brain Ang I

formation increases. In addition, we took advantage of the transgene expression to be restricted to
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the brain and used the brain rescued line (Agt-KO-Tg) lacking peripheral Agt (see Figure 16B) to
avoid contamination by the circulating Ang II.

Plasma LC-MS/MS Ang peptide measurements detected Ang I, Ang Il and Ang Il in
wildtype, and as expected none of these peptides were detected in Agt-KO (negative control).
Also Agt-KO-Tg had no detectable levels of all peptides measured in plasma (Table 49). The
brain ability to produce Ang Il in vivo was tested by measuring Ang peptides in whole brain
samples. Table 49 shows detectable levels of Ang Il in whole brains of Agt-KO-Tg and Agt-Tg
while none of the peptides were detected in wildtype brains. Interestingly, both Agt-KO-Tg and
Agt-Tg despite abundant Ang Il levels lacked the canonical Ang Il precursor peptide Ang I.
Therefore, we attempted to quantify Ang 1-12, a RAS peptide detected in tissues as the heart,
which is believed to be an alternative intermediate for local Ang Il synthesis (138, 139).
However, Ang 1-12 was not detected in whole brains of Agt-KO-Tg and Agt-Tg. Altogether 3
important features of brain Ang Il formation became evident: First, the brain locally produces
Ang II; second, brain Ang Il does not spillover into the circulation; third, the absence of brain
Ang | indicates a possible Ren independent Ang Il production in the brain.

Table 49 - Plasma and whole brain RAS peptides measurement by LC-MS/MS.

Plasma
RAS peptide (concentration) FVBI/N, n=1 Agt-KO, n=1 Agt-KO-Tg, n=4 Agt-Tg
Ang | (pmol/L) 49.7 0.0 <4 <4 NM
Ang Il (pmol/L) 29.0+£00 <2 <2 NM
Ang 111 (pmol/L) 146 £0.0 <2 <2 NM
Ang 1-7 (pmol/L) <2 <2 <2 NM
Whole brain
RAS peptide (concentration) FVB/N, n=3 Agt-KO, n=1 Agt-KO-Tg, n=4 Agt-Tg, n=3
Ang | (fmol/g) <10 <10 <10 <10
Ang Il (fmol/g) <10 <10 134.3+54.5 843 +5.7
Ang 11 (fmol/g) <10 <10 <10 <10
Ang 1-7 (fmol/g) <15 <15 <15 <15
Ang 1-12 (fmol/g) NM NM <15 <15

Values are mean + SD. Red numbers represent the lower limit of quantification. NM = not measured.

4.3.1.1 Brain Ang Il formation in cardiovascular relevant nuclei

As demonstrated in section 4.1.4 the transgene rAgt expression is distributed across the brain

similar to the endogenous mAgt. However, the major site(s) of brain Ang Il production are
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unknown. Immunofluorescence was used to find brain regions with enriched Ang Il production in
Agt-Tg which could be potentially explored in further studies to identify brain enzyme(s)
producing Ang Il. However, the staining patterns of Agt-Tg and Agt-KO were not different
indicating an unspecific binding of the antibody (data not shown). Therefore, indirect markers
namely MAP response to Ang Il receptor blockade, vasopressin release, and c-Fos expression
were used to validate if Agt-Tg and Agt-KO-Tg produce Ang Il at cardiovascular brain centers

and/or brain Ang Il reaches these neuronal populations.

The MAP response to AT1 receptor blockade was investigated in acute and subchronic
conditions. For this purpose, candesartan (CV-11974) was chosen due to its ability to cross the
BBB therefore blocking brain AT1 receptors in addition to the peripheral ones (140). The acute
treatment elicited a MAP reduction in wildtype, Agt-Tg and Agt-KO-Tg but not in Agt-KO as
expected (Figure 21A), collectively indicating that Ang Il produced in the brain in transgenic
lines reaches cardiovascular nuclei and modulates BP, because Agt-KO-Tg without peripheral
Ang Il (see Table 49) responded to candesartan treatment (Figure 21A). Administering

candesartan subchronically for 3 days induced a similar pattern of MAP response (Figure 21B).
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Figure 21 - Effect of AT1 receptor blockade with candesartan on BP.

30 min averaged MAP response to candesartan (A). Delta MAP after 3 intraperitoneal (once a day) injections of candesartan (B)
In B MAP was measured 24 hours after the last injection of candesartan to avoid acute effect. Values are mean + SD. "P<0.01,
™P<0.001 vs FVB/N; ##P<0.001lvs Agt-KO (ANOVA followed by Tukey multiple comparison test). $P<0.05 vs FVB/N

(Student’s t test).

Plasma levels of copeptin, a surrogate marker of AVP (141), was quantified as another
functional read-out for increased brain Ang Il. Figure 22A shows increased circulating copeptin
levels in Agt-KO-Tg and Agt-Tg. The quantification of AVP mRNA in the whole hypothalamus
did not show a significant difference among the groups besides a tendency in Agt-KO (Figure

22B). Finally, brain sections containing the two major centers in the brain producing AVP (PVN
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and SON) were immonostained against AVP. The representative images in Figure 22C indicate a
stronger AVP staining in the PVN of Agt-KO-Tg.
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Figure 22 - AVP (Copeptin) release.

Increased circulating plasma levels of copeptin in Agt-KO-Tg and Agt-Tg (A). Hypothalamic mRNA levels of AVP (B). Brain
sections immunostained for vasopressin (Red) containing the paraventricular nucleus of the hypothalamus (PVN) and the
supraoptic nucleus (SON) (C). Values are mean * SD **p<0.01 vs FVB/N; (ANOVA followed by Tukey's test). $p<0.01 vs
FVB/N (Student’s t test). Scale bars are 200 pum.

AT1 receptors are expressed by specific neuronal populations that are in most of the cases
glutamatergic and control BP via SNA (3, 33). Indeed, intracerebroventricular Ang I
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administration triggers an increase in MAP and vasopressin release among different other
physiological responses due to neuronal activation (142, 143). To test if Ang Il activated
cardiovascular nuclei in mice with altered brain RAS, the mRNA expression of the neuronal
activation marker c-Fos was quantified in whole brain as well as in areas with cardiovascular
centers (hypothalamus and brainstem). Interestingly, c-Fos was increased in whole brains of Agt-
Tg but not in Agt-KO-Tg even though both lines presented elevated brain Ang Il (Figure 23A).
Hypothalamic c-Fos mRNA was increased in both Agt-KO-Tg and Agt-Tg, however, higher in
Agt-Tg (Figure 23B). Finally, Agt-KO presented slightly decreased c-Fos expression in
hypothalamus and brainstem (Figure 23B,C).
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Figure 23 - Brain expression of c-Fos mRNA.

c-Fos mRNA expression in whole brain (A), hypothalamus (B) and brainstem (C). Values are mean + SD *"P<0.01, **P<0.0001
vs FVB/N; #P<0.01, ##P<0.001 vs Agt-KO (ANOVA followed by Tukey multiple comparison post hoc test). $P<0.01vs
FVB/N (Student’s t test). n.d = not detected.

4.3.1.2 Ang Il receptor expression in brain cardiovascular areas

Ligand abundancy may influence the receptor expression. Thus, the expression of the Ang Il
receptors was quantified in hypothalamus and brainstem. Figure 24 shows that in general there
were few changes at the receptor mRNA expression level. Hypothalamic expression of the AT1b
receptor was found decreased in Agt-KO, and AT2 receptor expression was reduced in Agt-KO-
Tg (Figure 24B,C). In the brainstem, only the AT1a mRNA levels were found increased in Agt-
KO-Tg (Figure 24D). Altogether there is no clear Ang Il receptor expression pattern induced by
increased brain Ang |1, because Agt-KO-Tg and Agt-Tg lack a common trend.
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Figure 24 - Ang Il receptor expression in hypothalamus and brainstem.

Hypothalamic mMRNA levels of the Ang Il receptors: ATla (A) AT1b (B) and AT2 (C). Brainstem mRNA levels of the Ang Il
receptors: ATla (D) AT1b (E) and AT2 (F). Values are mean + SD "P<0.05 vs FVB/N; #P<0.05 vs Agt-KO (ANOVA followed
by Tukey multiple comparison post hoc test). n.d = not detected.

4.3.1.3 Peripheral RAS homeostasis in Agt-Tg

Our data indicates that peripheral and central Ang Il formation likely do not share a common
pathway, however, there is evidence that both systems may modulate each other’s activity (144).
Therefore, we evaluated the impact of increased brain RAS activity on the peripheral RAS
homeostasis in Agt-Tg. Agt-Tg has normal plasma levels of the RAS precursor protein Agt
measured by western blot (Figure 25A). However, Agt-Tg presented reduced renal Ren gene
expression (Figure 25B) and reduced plasma levels of Ang Il, measured by RT-gPCR and
radioimmunoassay, respectively (Figure 25C). The data underscores an inhibition of the

peripheral RAS induced by increased brain Ang Il levels.
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Figure 25 - Peripheral RAS homeostasis in Agt-Tg.
Unaltered plasma Agt protein levels in Agt-Tg (A). Decreased renal expression of Ren (B), and plasma levels of Ang Il (C) in
Agt-Tg. Values are mean + SD "P<0.05, ""P<0.01 vs FVB/N (Student’s t test).
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4.3.2 Establishment of baseline cardiovascular parameters

To measure the impact of life-long gain and loss of function of RAS components on basal
cardiovascular parameters (MAP and HR), two distinct invasive methodologies in freely moving
mice were used. Acute recordings were performed using saline-heparin filled catheters (~1 hour),
and chronic recordings with radiotelemetry (24 hours for 5 days). Acute recordings revealed
reduced MAP in AT1a-KO. Surprisingly, Agt-KO were normotensive (Figure 26A). In former
studies, global knockout mice of Agt in mixed, C57BL/6 and ICR strains display ~25 mmHg
MAP reduction (112, 145, 146). Even more surprisingly was the fact that restoring Agt
production specifically in the brain of the Agt-KO line induced hypotension in Agt-KO-Tg
(Figure 26A). The hypotensive effect is unlikely attributed to a primary effect of the transgene
integration, because Agt-Tg presented elevated MAP as consequence of increased brain Ang Il
(Figure 26A). The baseline MAP of these lines was confirmed in chronic BP recordings using
radiotelemetry, the only exception was Agt-Tg that displayed normotensive baseline MAP levels
instead of raised ones (Figure 26B). All lines presented similar HR levels in both recording
methodologies (Figure 26C,D). In addition, the baseline locomotor activity was estimated by
tracking the mice movement during radiotelemetry recordings. Figure 26E shows no significant
difference in baseline locomotion, discarding a possible effect on the BP caused by physical

activity level.

Our FVB/N Agt-KO line is undoubtedly knockout because it lacks Agt protein (Figure
16), Ang peptides production (Table 49), presents the characteristic renal development
impairment (Figure 38) and does not respond to candesartan (Figure 21), moreover as described
in section 3.2.2.2, we backcrossed the mixed strain background hypotensive Agt-KO to the
FVB/N background. Collectively analyzing the baseline MAP data, it suggests an atypical
differential role on BP regulation exerted by increased brain Ang Il production in FVB/N
wildtype and Agt-KO mice, which may be unique to the FVVB/N strain but also could be present

in human subjects. Therefore, these mouse lines were phenotyped in depth further.
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Figure 26 - Cardiovascular homeostasis.

Baseline MAP in freely-moving mice acutely recorded with saline-heparin filled catheter (A), and by radiotelemetry (5 days 24
hours averaged) (B). Baseline HR measured with saline-heparin filled catheter (C) and telemetry (D). LA estimation by telemetry
(E). Values are mean + SD "*P<0.01, ™"P<0.0001 vs FVB/N; ##P<0.0001 vs Agt-KO (ANOVA followed by Tukey multiple
comparison post hoc test). MAP = mean arterial pressure, HR = heart rate, LA = locomotor activity.

Additional components and aspects of the telemetric BP recordings were quantified to
deepen understand the BP phenotypic alterations. The hypotensive lines AT1a-KO and Agt-KO-
Tg presented decreased systolic and diastolic pressures (Figure 27A,B). Interestingly, the
normotensive Agt-KO presented increased systolic pressure (Figure 27A) and consequently Agt-
KO displayed elevated pulse pressure (systolic - diastolic) (Figure 27C). The hypotensive lines
AT1a-KO and Agt-KO-Tg presented decreased pulse pressure (Figure 27C). The MAP, HR,
pulse pressure and systolic pressure findings in Agt-KO when analyzed collectively indicate a
possible increase in total peripheral resistance and/or vascular stiffness, factors that are
modulated by vascular sympathetic outflow (18, 147). In other words, Agt-KO likely presents
increased vasoconstriction forcing the heart to constrict stronger (systolic pressure increases) to
push the blood throughout the body. To test if the hearts of Agt-KO are indeed strongly
contracting, the cardiac mass was measured. Strikingly, Agt-KO presented heavier hearts in
comparison to wildtypes while the hypotensive lines, AT1la-KO and Agt-KO-Tg, presented

reduced cardiac mass as predicted (Figure 27D,E).
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Figure 27 - Further BP and cardiac phenotyping.

Telemetric measurements (5 days 24 hours averaged) of the basal systolic pressure (A), diastolic pressure (B) and pulse pressure
(C). Heart weight (D). Representative pictures of wildtype, Agt-KO and Agt-KO-Tg hearts (E). Values are mean + SD "P<0.05,
"P<0.01, ™"P<0.001, "*P<0.0001 vs FVB/N; ##P<0.0001 vs Agt-KO (ANOVA followed by Tukey multiple comparison post
hoc test). $P<0.001 vs FVB/N (Student’s t test). SBP = systolic blood pressure, DBP = diastolic blood pressure.

Furthermore, the circadian rhythmicities of the MAP, HR and locomotor activity were
calculated from the 24-hour telemetry data obtained. All lines presented a circadian rhythm or a
strong statistical tendency for these parameters, as expected all markers were increased during the
active phase of mice, night (Figure 28A-C). Interestingly, the circadian MAP amplitude (night -
day) was higher in Agt-KO and Agt-KO-Tg in comparison to controls (Figure 28D) while there
were no circadian differences in the HR and LA (Figure 28E,F) indicating that the high MAP
during the active phase is likely driven by some intrinsic factor independent of the HR and
physical activity. To better visualize the increased circadian MAP amplitude in Agt-KO, the 5
days hourly averaged MAP as well as the HR and locomotion of Agt-KO and controls were
plotted hourly (Figure 28G). As can be observed in Figure 28A and G MAP values are higher in
Agt-KO than in FVB/N during the dark phase, demonstrating that their increased circadian MAP
difference is driven by higher MAP during the active phase.
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Figure 28 - Circadian profile of the cardiovascular parameters.

Telemetric measurements (5 days 24 hours averaged) of the diurnal and nocturnal MAP (A), HR (B) and LA (C), the grey
background represents the dark period. Difference (night-day) mean of MAP (D), HR (E) and LA (F). Circadian profile of the
HR, MAP and LA in wild-type and Agt-KO obtained by continuous telemetry recording for 5 days, filled and white intervals
below the x axis represent dark and light periods, respectively (G). For (A-F) values are mean + SD "P<0.05, "*P<0.01 vs FVB/N
(ANOVA followed by Tukey multiple comparison post hoc test). *P<0.05, $¥P<0.01, ¥%*P<0.0001 vs FVB/N (Student’s paired t
test). For G, values are the hour average for each parameter + SEM for five animals in each group. MAP = mean arterial pressure,
HR = heart rate, LA = locomotor activity.

4.3.3 SNA and baseline cardiovascular control

We suspected the normotension in adult Agt-KO to be a product of increased SNA, as a
compensation for the RAS loss. To test this hypothesis, we submitted the same mice used for
cardiovascular baseline characterization (section 4.3.1) to a peripheral SNS ablation protocol
using 6-OHDA. Immediately, after baseline data acquisition, mice received 6-OHDA for five
days while recording cardiovascular parameters by telemetry. Cardiovascular parameters were
recorded for five additional days after the 6-OHDA treatment (Figure 29A). Agt-KO presented a

stronger maximum MAP response to 6-OHDA (Figure 29B). This effect was rescued in the

-115-



Results

hypotensive Agt-KO-Tg (Figure 29B) indicating a higher BP dependency on SNA in Agt-KO
mice. Agt-Tg presented a potentiated increase in HR during 6-OHDA despite the MAP response

to be similar to the control group, this could be a compensatory effect of the HR to maintain BP

levels (Figure 29C).
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Figure 29 - Cardiovascular response to peripheral sympathectomy.

Schematic representation of the cardiovascular phenotyping during peripheral sympathectomy with 6-hydroxydopamine (6-
OHDA) (A). Change from baseline in MAP (AMAP) (B) and HR (AHR) (C) upon peripheral sympathectomy by treating the mice
for 5 days with 6-OHDA. Values are mean + SEM for 4-6 animals in each group. “P<0.05, "*P<0.01, ***P0.0001 Agt-KO post
sympathectomy vs FVB/N post sympathectomy; ##P<0.0001 Agt-KO-Tg post sympathectomy vs Agt-KO post sympathectomy;
#P<0.05 Agt-Tg post sympathectomy vs FVB/N post sympathectomy (2-way ANOVA with repeated measurements followed by
Tukey multiple comparison post hoc test). MAP = mean arterial pressure, HR = heart rate, ip = intraperitoneal. The illustration in
A was partially created in BioRender.com.
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4.3.3.1 Vascular sympathetic tone

The 6-OHDA treatment impairs SNA across the whole periphery, therefore any cardiovascular
organ or organ system modulated by SNA could potentially be involved in the BP response found
in Agt-KO. In order to assess the specific contribution of the vascular sympathetic tone
(vasoconstriction induced by vascular sympathetic innervation firing), the maximal MAP drops
to a ganglionic blocker, and adrenergic receptor blockers (a1 and a2) were measured and used as
indirect markers. Similarly to the 6-OHDA response, Agt-KO presented stronger maximum MAP
responses to the ganglionic blocker hexamethonium (Figure 30A), as well as to the al and o2
antagonists, prazosin (Figure 30B) and yohimbine (Figure 30C), respectively. This increased
response to the sympatholytic drugs was not observed in the hypotensive line Agt-KO-Tg, but the
other hypotensive line AT1a-KO presented a stronger MAP response to prazosin (Figure 30B)
and yohimbine (Figure 30C). Finally, Agt-Tg also displayed enhanced vascular SNA,
characterized by increased response to hexamethonium and yohimbine (Figure 30A,C). NE levels
were measured in the urine and resistance vessels, namely mesenteric arteries, to indirectly
quantify SNA ex vivo. However, NE was unaltered in both urine (Figure 30D) and mesenteric
vessels (Figure 30E) with exception of NE levels in the mesenteric arteries of Agt-KO-Tg that

was reduced (Figure 30E).

-117 -



Results

A Hexamethonium B Prazosin C Yohimbine
20 mg/Kg, iv 100 pg/Kg, i 1 mg/Kg, iv
2 i o
5 > 5 20 )
E 301 A )
E als L2 E -251 el® = £
3 404 ® . - E 30{ e it = % 204
- =
33 (] oo - % 35 al, 3
g 50 g g 30
" -40 - A
< 20 *k # § = " * Jkk # < - * *kkx §
FVBIN AT1aKO AgtKO AgtKO-Tg Agt-Tg FVBIN AT1aKO AgtKO AgtKO-Tg Agt-Tg FVBIN AT12KO AgtKO AgtKO-Tg AgtTg
1 v v v v v w0y v v v v v v v 2 v
g T -,
].—.t- - W }ug‘.kcﬂh-u . W )
min ° D wiki 2 min
; . mpatheti
Sympathetic Sympathetic Sy patl.et'lc
ganglia ganglia ganglia
~
Y nAChRs y
) al
SR> S Y
[ & _0. o 4y B
sHexamethonium, g _.9679.&.» :
 Acetylcholine © Hexamethonium o, os-'r; ® Yohimbine
<NE ZRlaZos] X NE
D Norepinephrine levels E Norepinephrine levels
Urine Mesenteric arteries
4000 2000
. - #it
. *
2 3000{ * . x §15°° *
T = »
= [] =
s \Eznoo TIRE eapt | o000 | o . "
SE J as 2
& £
= 1000 . u 500 .
o 0 *3s
FVBIN AT1a-KO Agt-KO Agt-KO-Tg Agt-Tg FVBIN AT1a-KO Agt-KO Agt-KO-Tg Agt-Tg

Figure 30 - Acute MAP response to sympatholytic drugs and NE levels.

Maximal MAP response induced by the ganglionic blocker hexamethonium (A), and to the al and a2 antagonists prazosin (B)
and yohimbine (C), respectively. Norepinephrine quantification in the urine (D) and mesenteric arteries (E). Values are mean +
SD "P<0.05, "P<0.01, ""P<0.001, ""P<0.0001 vs FVB/N; #P<0.05, #P<0.001, ##P<0.0001 vs Agt-KO (ANOVA followed
by Tukey multiple comparison post hoc test). $P<0.001 vs FVB/N (Student’s t test). MAP = mean arterial pressure, NE =
norepinephrine, iv = intravenous. The V over the pulsatile arterial pressure trace represents the approximate time of the bolus
injection of a given substance in a representative mouse. Illustrations were created in BioRender.com.

After finding increased vascular sympathetic tone in Agt-KO despite normal vascular NE
release, we tested if the phenotype is mediated by an increased vascular reactivity to NE. For this
purpose, tyramine a natural compound found in animals and plants which is derived from the
aminoacidic tyrosine was chosen. Tyramine has a peripheral sympathomimetic effect mainly by
entering synaptic vesicles of presynaptic neurons containing NE resulting in neurotransmitter
release in vascular tissue which triggers an immediate pressor response (148, 149). The
intravenous tyramine administration triggered a pressor response in all lines, but AT1a-KO, Agt-

KO and Agt-KO-Tg presented reduced maximal pressor responses to tyramine (Figure 31A). An
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impaired vascular adrenergic receptor signaling is unlikely because the adrenergic blockers
elicited equal or stronger pressure responses in these lines in comparison to control mice (Figure
30A-C). However, an overactive vascular SNA could potently exhaust presynaptic vesicular NE
content, thereby reducing the tyramine pressor response. To test this hypothesis, the MAP
responses to controlled concentrations of intravenously infused al and a2 adrenergic receptor
agonists (phenylephrine and dexmedetomidine, respectively) were measured. Interestingly,
similar to tyramine AT1a-KO, Agt-KO and Agt-KO-Tg presented reduced MAP responses to
phenylephrine (Figure 31B) and dexmedetomidine (Figure 31C) pointing to an unlikely reduced

vesicular NE content.
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Figure 31 - Acute MAP response to sympathomimetic drugs.

Maximal MAP response induced by tyramine (A), and to the al and o2 agonists phenylephrine (B) and dexmedetomidine (C),
respectively. Values are mean + SD ™P<0.01, ""P<0.0001 vs FVB/N (ANOVA Tukey multiple comparison post hoc test). MAP
= mean arterial pressure, iv = intravenous. NET = NE transporter. The V' over the pulsatile arterial pressure trace represents the
approximate time of the bolus injection of a given substance in a representative mouse. lllustrations were created in
BioRender.com..

4.3.3.2 Vascular adrenergic receptor expression

To further study the nature of the reduced MAP response induced by sympathomimetic drugs in

mice with depleted peripheral RAS, the mRNA expression of the o and 3 adrenergic receptors
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was quantified in conducting and resistance arteries, aorta and mesenteries, respectively. The
MRNA expression of the adrenergic receptors is displayed in Table 50. al receptors are the most
relevant receptor class controlling vasoconstriction induced by NE, and resistance vessels are
controlling peripheral resistance and thereby BP levels. Moreover, the major al receptor subtype
expressed in resistance vessels is the ala while in large conduit vessels it is the alp (150).
Interestingly, ala expression was downregulated in Agt-KO mesenteric arteries (Figure 32A and
Table 50) as was alp expression in the aorta, alp MRNA levels in aorta were also downregulated
in the AT1a-KO, Agt-KO-Tg and Agt-Tg lines (Figure 32B and Table 50). Another interesting
observation is the fact that the mRNA levels of the B2 adrenergic receptor, the most widely
expressed P receptor in the vasculature that controls vasorelaxation, were found upregulated in
AT1a-KO and Agt-Tg mesenteric arteries (Figure 32C and Table 50). The 2 adrenergic receptor
expression was found increased in the aorta of the lines Agt-KO, Agt-KO-Tg and Agt-Tg (Figure
32D and Table 50).

Table 50 - Vascular a and f adrenergic receptors mRNA expression.

Tissue Protein - Gene FVB ATla-KO Agt-KO Agt-KO-Tg Agt-Tg
ala Adrala 1.1+04 0.6+03 04+02™ 08+03 07+02
% als Adralb 1.0+0.1 0.8+02 06+02" 07+0.1" 09+02
= alp - Adrald 1.0£02 0.9+03 0.5+0.1™ 0.6+0.1 1.0+0.2
S a2a-Adra2a 1.0+02 04+0.1" 04+0.1" 0702 14205
g 28 -Adra2b 12407 3.9+13™ 06+0.3 05+0.2 07+0.2
8 a2c - Adra2c 11+04 04+03" 05+02" 03+0.1™ 1.0+04
= B1-Adrbl 1.1+05 0.7+0.1 09+03 12404 24+11"
B2 - Adrb2 11405 24108 13+05 1.010.2 26+10°
ala-Adrala 11406 32+12 29+10 6.2+2.3" 6.6+3.2"
als-Adralb 1.0+02 12+05 06+02 06+02 07+02
alp - Adrald 1.0+03 0.6+02" 0.4 +0.1™ 0.4 +0.1™ 05+0.2™
s a2a-Adra2a 12+09 0.7+02 09+04 12+10 21+13
2 25 - Adrazb nd nd n.d n.d n.d
a2c¢ - Adra2c 1.0£0.2 29+12 2209 28+15 27+18
B1-Adrbl 14+07 27+08 50+13" 6.9 2.7 53+21"
B2 - Adrb2 1104 21+0.7 43+£12" 40+06™ 424177

Values are mean + SD for 4-6 animals in each group. "P<0.05, “P<0.01, *"P<0.001 vs FVB/N (ANOVA followed by Tukey
multiple comparison test). n.d = not detected.
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Figure 32 - Most expressed a and B adrenergic receptors in aorta and mesenteric arteries.

ala adrenergic receptor mRNA expression in mesenteric arteries (A). ala adrenergic receptor mRNA expression in aorta (B). B2
adrenergic receptor expression in mesenteric arteries (C) and aorta (D). Values are mean + SD. "P<0.05, *P<0.01, ™"P<0.001,
vs FVB/N (ANOVA followed by Tukey multiple comparison post hoc test).

4.3.4 Pressor response to Endothelin-1

To discard that the blunted MAP response to sympathomimetic drugs is a product of an impaired
vascular constrictor machinery induced by absent or blunted peripheral RAS reactivity in ATla-
KO, Agt-KO and Agt-KO-Tg lines, the pressure response to endothelin-1 a peptide hormone
independent of that RAS and SNS was assessed in vivo. All lines presented a similar maximal
pressor response to endothelin-1 demonstrating a normal vascular constrictor capacity in these
lines (Figure 33A). In addition, the gene expression of the endothelin type A receptor which is
the most relevant receptor mediating the vasoconstrictor effect of endothelin-1 at vascular smooth
muscle cells was measured in blood vessels using RT-qPCR. The receptor expression was
similarly increased in Agt-KO and Agt-KO-Tg aorta (Figure 33B), however, the receptor

expression in the mesenteric arteries was not altered in any of the lines (Figure 33C).
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Figure 33 - Acute MAP response to Endothelin-1.
Maximal MAP response to endothelin-1 (A). mRNA levels of endothelin receptor type A in aorta (B) and mesenteric arteries (C).
"P<0.05 vs FVB/N; (ANOVA followed by Tukey multiple comparison test). MAP = mean arterial pressure, iv = intravenous.

4.3.5 Vascular NO homeostasis

Endothelial-released substances play a key role in regulating smooth muscle tone, among these
substances NO is a major factor dumping vasoconstriction and thereby BP. NO easily diffuses
across cell membranes reaching smooth muscle cells where the molecule promotes vasodilation
by locally increasing cGMP levels. NO homeostasis was assessed in vivo using the delta MAP
increase upon NO synthase blockade with the inhibitor L-NAME as well as the MAP drop to the
exogenous NO donor sodium nitroprusside. The parameters revealed an impaired NO
homeostasis in Agt-KO, these mice displayed a weaker response to L-NAME (Figure 34A), and a
stronger response to SNP (Figure 34B) while Agt-KO-Tg only presented a tendency to have
reduced response to L-NAME. Overall body NO generation was estimated by measuring the
levels of nitrate and nitrite (NOX) in the urine. Agt-KO presented reduced urinary NOx while this
parameter was slightly improved in Agt-KO-Tg (Figure 34C). Finally, the endothelial NO
synthase (eNOS) expression level was quantified at the mRNA level in vessels. In agreement
with the in vivo findings and the NOx quantification, Agt-KO presented lower levels of eNOS
MRNA in the aorta and mesenteric arteries, and Agt-KO-Tg had reduce eNOS mRNA in the
mesenteric arteries (Figure 34D,E). Collectively, the data points out that Agt-KO presents
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impaired NO homeostasis characterized by reduced endothelial NO production due to impaired

vascular eNOS expression.
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Figure 34 - Vascular NO balance.

Maximal MAP response induced by the NO synthase inhibitor N5-[imino(nitroamino)methyl]-L-ornithine, methyl ester (L-
NAME) (A), and to the NO donor sodium nitroprusside (B). Urinary total nitrate and nitrite (NOx) levels (C). mRNA expression
of endothelial NO synthase (eNOS) in aorta (D) and mesenteric arteries (E). Values are mean + SD "P<0.05, “P<0.01,
P<0.001 vs FVB/N; #P<0.001 vs Agt-KO (ANOVA followed by Tukey multiple comparison post hoc test). MAP = mean
arterial pressure, iv = intravenous. The ¥V over the pulsatile arterial pressure trace represents the approximate time of the bolus
injection of a given substance in a representative mouse.

4.3.6 Overall vasoconstrictor tone

The vascular tone is controlled by a myriad of intrinsic and extrinsic factors with vasoconstrictor
and/or vasorelaxant stimuli that not only modulate the vascular tone but potentially baseline BP.
However, the vasoconstrictor machinery at smooth muscle cells is controlled by calcium
dependent and calcium independent pathways that ultimately impact the myosin light chain
interaction with actin (85). Our findings strongly indicate that the vascular sympathetic tone is
increased in Agt-KO, and on top this line presents reduced NO production. Both phenotypes
enhance vascular constriction and ultimate BP levels. However, the overall vasoconstrictor tone
might not be increased because compensatory regulation by other unpredicted factor(s) may
balance the SNA and NO effects. To assess the overall vasoconstrictor tone, the depressor
responses triggered upon blocking calcium dependent and independent pathways were guantified.

For this, nifedipine, a L-type calcium blocker that controls extracellular calcium entry, and Y-
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27632, a ROCK Kkinases inhibitor that blocks ROCK2 activity that is a central hub in calcium
independent vasoconstriction, were injected intravenously and the maximal MAP response was
quantified. As expected, both drugs reduced BP but the hypotensive lines AT1a-KO and Agt-KO-
Tg displayed a reduced maximal MAP response while Agt-KO and Agt-Tg presented an
increased response to nifedipine (Figure 35A). Y-27632 caused an increased MAP response in
Agt-KO and, interestingly, also AT1a-KO responded stronger to Y-27632 in comparison to
control mice (Figure 35B). Collectively, the data shows that FVB/N Agt-KO has a higher overall

vascular tone contributing to the unexpected normotension in this line.
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Figure 35 - Unspecific vascular constriction blockade.

Maximal MAP response to the L-type calcium channel blocker nifedipine (A) and the ROCK kinases inhibitor Y-27632 (B).
Values are mean + SD “P<0.05, “P<0.01, ""P<0.001 vs FVB/N; “P<0.05 vs Agt-KO (ANOVA followed by Tukey multiple
comparison post hoc test). MAP = mean arterial pressure, iv = intravenous. The ¥V over the pulsatile arterial pressure trace
represents the approximate time of the bolus injection of a given substance in a representative mouse.

4.3.7 Baroreflex control of the HR

Vascular SNA is regulated moment-to-moment by peripheral reflexes in a negative feedback loop
manner (3). An important autonomic reflex is the baroreflex control of the HR which goes in
opposite direction of the BP upon acute changes in BP (26). The heart is innervated by
sympathetic and parasympathetic nerves whose firing frequency directly controls the HR.
However, the baroreflex response might be altered by different factors such as large vessel
compliance which directly impacts the baroreceptor signal or factors such as Ang Il that
modulate the activity of central circuits coordinating the downstream response (151). The
baroreflex sensitivity of the HR control was calculated using drug-induced bradycardia and

tachycardia with phenylephrine and sodium nitroprusside, respectively. Figure 36A,B shows an
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impaired baroreflex control of the HR to induced bradycardia and tachycardia in Agt-Tg and Agt-
KO-Tg indicating that Ang 11 likely acts on brain circuits and dysregulates the cardiac response to
BP changes. The pressure responses as the bradycardia and tachycardia are depicted in detail in
Table 51.

A Bradycardia BRS B Tachycardia BRS
1-10 pg/Kg Phenylephrine v 10 pg/Kg sodium nitroprusside, iv
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Figure 36 - Baroreflex control of the HR.

Quantification of the cardiac baroreflex sensitivity using drug induced bradycardia (A) tachycardia (B). Values are mean = SD
*P<0.05, ™P<0.01 vs FVB/N (ANOVA followed by Tukey multiple comparison post hoc test). $P<0.05 vs FVB/N (Student’s t
test). BRS = baroreflex sensitivity, iv = intravenous.

Table 51 - Calculation of the cardiac baroreflex sensitivity index.

Baroreflex Control of the HR

Reflex Bradycardia (1-10 pg/kg phenylephrine, iv)

Line MAP basal MAP peak AMAP HR basal HR peak AHR API?EIS[ AP
(mmHg) (mmHg) (mmHg) (bpm) (bpm) (bpm) (o smmHg)
FVB/N 107.4+7.3 128.4+8.7 206+3.1 7045+515  5466+643  -157.9+415 1.24+0.42
ATla-KO 91.0+7.8" 111.1+£9.6 21.0+41 675.7+616  527.3+656  -148.4+48.7 1.24+0.36
Agt-KO 108.6 + 13.5 129.4 +13.0 20937 666.3 £ 65.9 5424 £71.7 -1239+19.1 1.07+0.41
Agt-KO-Tg 85.7 + 5.6 104.9 + 6.9 ## 19.1+3.7 731.0+254  612.7+352  -118.3+39.8 0.82+£0.228
Agt-Tg 116.1 £ 4.5 138.0 £ 4.8 21.9+41 7027+176  5839+37.0  -118.9+337 0.80 +0.198
Reflex Tachycardia (10 pg/kg sodium nitroprusside, iv)
Line MAP basal MAP peak AMAP HR basal HR peak AHR API?ARI\i AP
(mmHg) (mmHg) (mmHg) (bpm) (bpm) (bpm)  (smmHg)
FVB/N 1042 £45 70.8+7.7 -33.3+6.0 7042+39.2  767.3+44.3 63.2+14.2 0.22 +0.06
AT1la-KO 87.1+£5.0™ 59.6 £5.0” -275+13 701.4 £34.5 742.3 £33.0 40.9 £ 16.6 0.15+0.04
Agt-KO 101.7+£54 59.9+78" -41.8+4.6™ 690.3 £28.0 748.6 £ 26.8 58.3+£19.0 0.17 £0.06
Agt-KO-Tg  85.5 4,17 57.3+4.4" -28.2 + 2,47 7162+324  7475+29.6 31.3+£95 0.12+0.03"
Agt-Tg 1165+ 42" 83.7+3.6" -32.8+5.2 7178+29.2  7493+36.4 31.5+98 0.11+0.03"

Values are mean + SD for 6-7 animals in each group. "P<0.05, *"P<0.01, **P<0.001, "*"P<0.0001 vs FVB/N; **P<0.001,
##P<0.0001 vs Agt-KO (ANOVA followed by Tukey multi comparison post hoc test). $P<0.05 vs FVB/N (Student’s t test). BRS
= baroreflex sensitivity
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4.3.8 Brain Ang Il modulation of GABAergic gene expression in brainstem

The brain expression of AT2 receptor is restricted to few areas, one of these areas is the NTS
where AT2 receptors are expressed mostly by GABAergic neurons (74, 152). Recently, it was
demonstrated that chronic administration of an AT2 specific agonist attenuated experimental
hypertension due to reduction of GABA receptors and GABA producing enzymes (glutamate
decarboxylases) in the NTS (153). Agt-KO-Tg and Agt-Tg likely has Ang Il action in the NTS
because the baroreflex response of the HR is integrated at this nucleus and Ang Il is known to
blunt this process (154). Because brain Ang Il reduced BP in Agt-KO-Tg, we sought this could
be a possible mechanism of BP reduction. To test this, the mRNA levels of glutamate
decarboxylases 1 and 2 were quantified in the brainstem. However, increased brain Ang Il
formation did not change the expression of these enzymes in Agt-KO-Tg or Agt-Tg (Figure
37A,B). In addition, the mRNA levels of the vesicular GABA transporter and the GABA B

receptors 1 and 2 were also not altered in brainstem (Figure 37C-E).
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Figure 37 - Brainstem expression of GABAergic genes.
mRNA levels of glutamate decarboxylases 1 (A) and 2 (B), vesicular GABA transporter (C), and the GABA B receptors 1
(GABAE&1, D) and 2 (GABAg?, E).
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4.3.9 Brain Ang Il and renal physiology

4.3.9.1 Renal morphology

Circulating Ang Il acting on renal AT1 receptors are important for priming renal development, in
the absence of AT1 postnatal injuries are found in rodents (146, 155). Histological examination
of kidneys from AT1a-KO mice showed mild damage, while Agt-KO and Agt-KO-Tg displayed
similarly damaged kidneys. In these lines, marked reduced medullary area was found due to
hydronephrosis and atrophy of the renal papilla. In addition, mononuclear cell infiltration seems
to be increased in Agt-KO and Agt-KO-Tg. Finally, the wall thickness of small arteries was
found exaggeratedly increased in Agt-KO and Agt-KO-Tg, this effect was only mild in AT1a-KO
(Figure 38). These results point to a dispensable involvement of brain Ang Il in renal
development, and suggest the peptide does not reach the circulation, at least not at enough

concentration, during embryonic development when BBB is permeable.

FVBIN AT1a-KO Agt-KO-Tg

Figure 38 - Renal morphology.
Representative images of coronal kidney sections stained with hematoxylin eosin. Agt-KO and Agt-KO-Tg present
hydronephrosis (#), small artery hypercellularity leading to wall thickening (A), and increased mononuclear cell infiltration
(arrowheads). AT1a-KO presents only mild arterial wall thickening. G = glomerulus. Top panels scale bars are 500 pum, lower
panels bars are 200 pum.

4.3.9.2 Renal Fibrosis

To visualize renal fibrosis, kidney renal coronal sections were stained with Picro sirius red.

AT1a-KO displayed slightly increased staining however Agt-KO and Agt-KO-Tg presented
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diffuse fibrosis including peritubular, perivascular, periglomerular, and intra-arterial collagen

accumulation (Figure 39).

AT1a-KO Agt-KO-Tg

Figure 39 - Renal collagen staining.

Histochemical collagen staining in representative kidney sections. Top panels are showing diffuse collagen accumulation (pink) in
AT1a-KO, Agt-KO and Agt-KO coronal kidney sections. Lower panels are showing increased perivascular fibrosis in all lines,
and intravascular fibrosis exclusive to AT1a-KO, Agt-KO and Agt-KO-Tg. # = hydronephrosis, G = glomerulus, A = artery. Top
panels scale bars are 500 um, lower panels bars are 40 pm.

To quantify the renal fibrosis, the expression of the collagens I, IlI, and IV were
quantified by RT-gPCR in kidneys. Collagen | and 111 expression was likewise increased in Agt-
KO and Agt-KO-Tg, while Collagen IV expression was not altered (Figure 40A-C). Accordingly,
the MRNA levels of fibronectin, an essential protein for fibrillogenesis, were found increased in
Agt-KO and Agt-KO-Tg (Figure 40D). Interestingly, the expression of transforming growth
factor beta (TGF-P), a master regulator of collagen secretion and fibroblast differentiation, was
only slightly upregulated in Agt-KO (Figure 40E). Accordingly, the protein expression of alpha
smooth muscle actin (a-SMA), a marker of myofibroblasts, which are pathogenic differentiated

fibroblasts, was not altered as measured by Western blots (Figure 40F).
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Figure 40 - Renal fibrosis.

Renal mRNA levels of collagen | (A), collagen Il (B), collagen IV (C), fibronectin (D) and transforming growth factor beta
(TGF-B) (E). Alpha smooth muscle actin (a-SMA) protein expression in kidneys (F). Values are mean + SD "P<0.05, "P<0.001,
**P<0.0001 vs FVB/N (ANOVA followed by Tukey multiple comparison post hoc test).

4.3.9.3 Renal inflammation

The histological findings indicated increased infiltration of immune cells in the kidneys of Agt-
KO and Agt-KO-Tg (see section 4.3.9.1). Therefore, RT-gPCR was used to estimate renal
immune cell infiltration by quantifying gene expression of CD68 and CD3, which are
macrophage- and T-cell-specific markers, respectively. As suggested by the histological findings
Agt-KO and Agt-KO-Tg presented increased expression of T-cell and macrophage markers
however in Agt-KO-Tg the levels of CD68 were slightly decreased in comparison to Agt-KO
(Figure 41A,B). Additionally, the macrophage infiltration was confirmed at the protein level
using an antibody against another macrophage marker, Iba-1 in Western blots (Figure 41C). In
agreement both lines displayed increased levels of vascular cell adhesion molecule-1 (VCAM-1)
and intercellular adhesion molecule-1 (ICAM-1) (Figure 41D,E) that are essential scaffolds for
circulating leucocytes migration into tissues. Finally, the gene expression of the leucocyte
chemoattractant cytokines TNFa and RANTES as well as the T-cell activator CD86 were found
increased in Agt-KO and partially rescued in Agt-KO-Tg (Figure 41F-H). Altogether, the data
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suggests that Agt-KO likely presents a more proinflammatory kidney environment that could

gradually contribute to renal function deterioration.
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Figure 41 - Renal immune cell infiltration.

Macrophage marker, CD68 (A), and T-cell marker, CD3 (B) mRNA expression in kidney. Iba-1 protein levels in the kidney (C).
Renal mRNA levels of the adhesion molecules VCAM-1 (D) and ICAM-1 (E). Renal mRNA levels of the cytokines RANTES
(F) and TNFa (G), and the T-cell activator CD86 (H). Values are mean + SD "P<0.01, ™P<0.001, ***P<0.0001 vs FVB/N;
#P<0.05. #P<0.01 vs Agt-KO (ANOVA followed by Tukey multiple comparison post hoc test).

4.3.9.4 Renal function

In order to evaluate the impact of the morphological renal damage on renal function, urinary and
plasmatic markers were measured. Previously, Agt-KO mice have been described having an
impaired urine concentration ability (146, 156). This phenotype was confirmed in the FVB/N
Agt-KO, by urinary creatinine measurement. Creatinine is a metabolite constantly excreted and
the reduced creatinine concentration in Agt-KO and Agt-KO-Tg urine indicates increased urinary
output (Table 52). Using the creatinine concentration in spot urine, the urinary volume was
estimated, as observed in Table 52, Agt-KO produces ~3 times more urine than wildtype while
Agt-KO-Tg ~2 times more, demonstrating a partial rescue of the phenotype in Agt-KO-Tg. As

consequence of a high urinary output, sodium and potassium concentrations were also decreased
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in Agt-KO and Agt-KO-Tg urine (Table 52). However, these values were not different from
controls when the concentration was corrected by the creatinine concentration, except in ATla-
KO that presented increased sodium and potassium excretion (Table 52). Interestingly despite
presenting several morphological alterations and immune cell infiltration, the renal damage

marker alboumin was only marginally increased in AT1a-KO (Table 52).

Table 52 - Urine parameters and urinary volume estimation.

Parameter (unit) FVBI/N, n=8 AT1a-KO, n=8 Agt-KO, n=8 Agt-KO-Tg, n=8 Agt-Tg, n=7
Na* (mmol/L) 93.4+398 131.7 £51.0 286+ 7.7 50.0+114 74.7£41.0
K* (mmol/L) 242.7+£45.9 264.3+33.8 102.8 +14.9™"  158.9 + 46.4™"# 2855+19.8
ALB (ng/dL) 608.8 £68.0 890.0 £385.5 3275x174.2 3925 +67.1 558.6 +109.3
CRE (mg/dL) 309+£5.6 251%55 9.9+0.9™ 15.2 £ 3,07 888 321+43
[Na*)/[K*] 0.39+0.20 0.50+0.18 0.28 +0.08 0.33+0.10 0.27 £0.17
[Na*)/[CRE] 2.99+£1.17 5.18 +1.14™ 2.92+0.83 3.34+0.70 241+£1.35
[K*)/[CRE] 8.11+2.28 10.92 +2.26" 10.40 +1.09 10.35+2.12 9.01 +1.36
[ALB)/[CRE] 20.2+3.9 345+116" 32.3+15.2 26.3+4.4 17.7+47
eUvol. (% of FVB/N)  102.6 + 17.5 130.2 +33.7 314.8 £28.0™"  211.3 + 46.6" ### 97.6 +£13.0

Values are mean + SD. "P<0.05, ""P<0.001, "*"P<0.0001 vs FVB/N; *P<0.05, *#* P<0.0001 vs Agt-KO (ANOVA followed by
Tukey multi comparison post hoc test). $¥8P<0.001 vs FVB/N (Student’s t test). K* = potassium, Na* = sodium, ALB = albumin,
CRE = creatinine, [ALB] = albumin concentration, [CRE] = creatinine concentration, [K*] = potassium concentration, [Na*] =
sodium concentration, eUvol. = estimated urinary volume.

Plasma markers of renal function, urea and creatinine, were increased in Agt-KO and Agt-
KO-Tg, however, Agt-KO-Tg partially rescued the phenotype in comparison to Agt-KO (Table
53). Agt-KO and Agt-KO-Tg presented increased plasma sodium concentration (Table 53), and
potassium was decreased in Agt-KO-Tg (Table 53). After observing increased sodium levels in
Agt-KO and Agt-KO-Tg, total proteins and albumin levels were measured in the same samples as
markers of dehydration. Both parameters were found increased in Agt-KO and Agt-KO-Tg
(Table 53). Finally, the plasma osmolality was calculated and Agt-KO and Agt-KO-Tg presented
increased plasma osmolality, but Agt-KO-Tg presented lower levels in comparison to Agt-KO.
Comparing the plasma osmolality and urea levels, clearly, plasma osmolality levels paralleled the
plasma urea, pointing to urea as the most relevant osmolyte influencing plasma osmolality in
Agt-KO and Agt-KO-Tg (Table 53).
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Table 53 - Plasma parameters for renal function and hydromineral balance.

Parameter (unit) FVBI/N, n=6 AT1a-KO, n=6 Agt-KO, n=6 Agt-KO-Tg, n=5 Agt-Tg, n=5
CRE (mg/dL) 0.12 £0.01 0.14 £0.01™ 0.17+0.00™"  0.15+0.01™ 0.12 +£0.01
BUN (mg/dl) 26.8+2.3 269+18 81.4 +8.0"" 45.8 + 4,47 268+1.4
Na* (mmol/L) 1476 £0.6 146.6 £ 0.7 150.6 + 2.2" 150.8 £ 2.3" 1485+0.8
K* (mmol/L) 7.01 £0.66 7.29+£0.87 7.40 £0.50 6.00 +0.16 # 6.51+0.43
Cl (ng/dL) 107.1£0.77 108.3 £2.98 110.6 £2.77 110.7 £ 2.46 108.2 £ 0.50
[Na*)/[K*] 212+21 19.9+23 20.3+1.6 25.1+0.8"% 229+13
TP (g/l) 50.0+1.2 50.1+0.8 53.1+2.3" 55.1+1.3"" 50.0+0.9
ALB (g/l) 255+14 265+0.9 278+1.1" 27.6+0.6" 26.0+0.6
GLC (mg/dl) 271.3+37.1 283.1+17.1 262.2 +53.7 262.5+39.6 259.6 £29.3
Osmolality 319.9+25 3185+35 3455 +3.4"" 3311456 320.9+2.8

(mosmol/kg H20)

Values are mean + SD for 5-6 animals in each group. "P<0.05, "P<0.01, "™P<0.001, *"*P<0.0001 vs FVB/N; #P<0.01, *#
P<0.0001 vs Agt-KO (ANOVA followed by Tukey multi comparison post hoc test). K* = potassium, Na* = sodium, ALB =
albumin, BUN = blood urea nitrogen, CRE = creatinine, eUvol. = estimated urinary volume, GLC = glucose, TP = total proteins,
[K*] = potassium concentration, [Na*] = sodium concentration.

4.3.9.5 Renal sodium transporters

Finding altered urinary output and plasma sodium levels led us to measure the gene expression of
the most relevant renal tubular sodium channels involved in sodium reabsorption from the
primary urine. The gene expression of the sodium-hydrogen exchanger 3 (NHE3) expressed at
the proximal tubule was modestly increased in Agt-KO-Tg and Agt-Tg (Figure 42A). The mRNA
levels of the genes encoding the sodium-potassium-chloride (NKCC2) and sodium-chloride
transporter (NCC) cotransporters were downregulated in AT1a-KO and Agt-KO, and AT1a-KO
and Agt-KO and Agt-KO-Tg, respectively (Figure 42B,C). In addition, the mRNA levels of
Scnnla encoding the a-subunit of epithelial sodium transporter (ENaC) were downregulated in
Agt-KO (Figure 42D). The gene expression of the sodium transporters clearly demonstrated that
Agt-KO was the most affected line. To discard that the phenotype is due to decreased tubular
cells, the mRNA expression of Pax8 was quantified but no differences were observed (Figure
42E). Pax8 is a transcription factor essential for renal development but also expressed in adult
kidney specifically on epithelial cells along all tubular segments (157). Finally, the mRNA levels
of aquaporin-2, a major protein responsible for renal water reabsorption, were quantified by RT-
gPCR. Figure 42F shows that only Agt-KO-Tg presented a small increase in aquaporin-2 gene

expression.
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Figure 42 - Tubular sodium transporters expression.

mRNA levels of genes encoding key sodium renal transporters: NHE3 (hydrogen exchanger) (A), NKCC2 (sodium-potassium-
chloride cotransporters) (B), sodium-chloride cotransporter (NCC) (C), and the a-subunit of the epithelial sodium channel (ENaC-
a) (D). Renal mRNA levels of the tubular transcription factor Pax8 (E) and aquaporin-2 (F). Values are mean + SD *P<0.05,
*P<0.001, "™P<0.0001 vs FVB/N; #P<0.01, **P<0.001 vs Agt-KO (ANOVA followed by Tukey multi comparison post hoc
test).

4.3.9.6 Renal SNA, Ren, and NO producing enzymes

Renal SNA modulates water and sodium reabsorption but also Ren release, and SNA is suggested
to influence the renal immune cell traffic. Therefore, renal SNA was estimated quantifying renal
NE. AT1la-KO and Agt-KO presented similar elevated renal SNA, and brain Ang Il potentiates
renal SNA in Agt-KO-Tg only, because Agt-Tg presented normal renal SNA (Figure 43A). In
addition to NE quantification, the expression of the adrenergic receptors was evaluated using RT-
gPCR in kidneys of these mice (Table 54). Renal total Ren expression (Renl plus Ren2) was
increased AT1a-KO and Agt-KO-Tg, while in Agt-KO Ren gene expression was curiously not
altered (Figure 43B). In addition, Agt-Tg presented reduced renal Ren expression as shown in
section 4.3.1.3. Altogether Ren mRNA expression is most likely influenced by baseline BP rather
than reduced Ang Il signaling or lack of Agt. To confirm the Ren finding, aldo-keto reductase
family 1 member B7 (Akrlb7) gene expression was verified, because this protein was recently
described to be a marker for renal Ren cells (158). Surprisingly, Akrlb7 mRNA levels did not
parallel the Ren mRNA levels as expected, since all lines presented unaltered Akrlb7 expression
except Agt-KO that presented reduced levels of the Akrlb7 (Figure 43C). In addition to NE, NO

controls the renal blood flow and therefore the glomerular filtration rate. For which reason renal
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NO synthetizing enzymes were measured by RT-qPCR. Interestingly, neuronal NO synthase
expression was slightly increased in Agt-KO but around 4-fold in Agt-KO-Tg (Figure 43D). The

levels of endothelial NO synthase were not altered (Figure 43E).
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Figure 43 - Renal SNA, and mRNA levels of Ren and NO producing enzymes.

Renal SNA estimated by renal norepinephrine quantification (A). mRNA levels of Ren encoding genes (B) and the Ren
expression marker Akrlb7 in kidneys (C). Renal mRNA levels of neuronal NO synthase (nNOS) (D) and endothelial NO
synthase (eNOS) (E). Values are mean + SD "P<0.05, "P<0.01, ""P<0.001, ™"P<0.0001 vs FVB/N; *P<0.01, #*P<0.001,
##P<0.0001 vs Agt-KO (ANOVA followed by Tukey multi comparison post hoc test); $8P<0.01 vs FVB/N (Student’s t test).

Table 54 - Renal a and p adrenergic receptors mRNA expression.

Protein - Gene FVB/N ATla-KO Agt-KO Agt-KO-Tg Agt-Tg
ala -Adrala 1.0+0.11 0.9+0.27 0.6 +0.05™ 0.9+0.17 0.9+0.12
als - Adralb 1.0+0.16 1.2+0.25 2.0+0.48"" 1.6 +0.18™ 1.17£0.27
alp - Adrald 1.0+0.33 1.2+042 1.5+0.27 1.16 £0.35 1.2+0.22
a2a-Adra2a 1.0+0.10 1.0£0.35 1.2+0.34 1.4+017" 0.7+0.14
a2s - Adraz2b 1.0+0.34 1.8 +£0.33" 15+0.26 1.2+0.13 1.5+041
a2c - Adra2c 1.0+£0.24 0.6+0.18™ 0.4 +0.09" 0.5+0.08" 0.7+0.13"
Bl - Adrbl 1.0£0.25 1.7+0.51" 0.8+0.29 1.1+0.18 1.4 +0.27
B2 - Adrb2 1.0+0.23 1.8+0.50™ 1.9+0.20™ 1.4 +0.26" 1.0+0.16

Values are mean + SD for 5-6 animals in each group. "P<0.05, *"P<0.01, **P<0.001, "**P<0.0001 vs FVB/N; *P<0.05 vs Agt-
KO (ANOVA followed by Tukey multi comparison post hoc test).

4.3.9.7 Renal denervation effect on baseline BP
We suspected that brain Ang Il switched the vasculature and renal SNA balance in Agt-KO-Tg.

In other words, the damaged kidney of Agt-KO may either require higher SNA or BP to control
its function. Owing to the fact that the kidney is innervated by the SNS and afferents that relay
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information to the brain that may influence downstream SNA, renal denervation was chosen to
test if altered renal nerves activity modulates BP. Baseline BP was quantified before renal
denervation, and the BP response to a bilateral renal denervation procedure was recorded
constantly over a week (Figure 44A). One week after surgery and cardiovascular data acquisition
the animals were sacrificed, and renal NE was measured to validate the procedure. Figure 44B
indicates that renal denervation was successful because NE was reduced by over 90% in
comparison to intact kidneys, except for the right kidney of one Agt-KO mouse for which the

cardiovascular data was excluded.

Before surgery baseline MAP was indistinguishable between Agt-KO and wildtype but
reduced in Agt-KO-Tg as in previous measurements, but interestingly baseline HR in Agt-KO
and Agt-KO-Tg was found slightly reduced (Figure 44C,E). As previously reported, wildtype
mice displayed reduced MAP immediately after denervation and this effect was sustained over a
week (Figure 44D). Surprisingly, Agt-KO and Agt-KO-Tg only presented a slight MAP
reduction in comparison to controls however contrary to controls the effect developed gradually
after denervation reaching the peak around four to five days after surgery (Figure 44D). In all
lines the HR increased the day after surgery (20-40 bpm) and gradually returned to baseline
levels except in Agt-KO in which HR remained elevated during the whole recording period
(Figure 44F).

Altogether it can be concluded from this data set that normal BP in Agt-KO is unlikely
driven by altered renal efferent or afferent nerve firing. However very interestingly, denervating
these mouse lines suggested that the main BP lowering effect of renal denervation is most likely
mediated by reducing the peripheral RAS activity. In other words, only wildtype mice have
circulating Agt, thus, reducing renal Ren release in Agt-KO and Agt-KO-Tg would not impact

Ang Il production once the substrate of Ren, Agt, is absent.
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Figure 44 - Effect of renal denervation on cardiovascular homeostasis.

Schematic representation of the renal denervation protocol to quantify cardiovascular effects using telemetry (A). Quantification
of renal norepinephrine (NE) to validate the renal denervation procedure in each kidney of each mouse (B). 48-hour baseline
MAP before renal denervation (C). MAP response to bilateral renal denervation (D). 48-hour baseline HR before renal
denervation (E). HR response to bilateral renal denervation (F). For B, C and E values are mean = SD "P<0.05, *P<0.01,
“**P<0.0001 vs FVB/N; ##P<0,0001 vs Agt-KO; (ANOVA followed by Tukey multiple comparison post hoc test). For D, F
values are mean * SE tT1TP<0.0001 FVB/N post-denervation vs FVB/N baseline. ¥P<0.05, ¥#P<0.01 Agt-KO post-denervation
vs Agt-KO baseline; $P<0.05, $¥P<0.01, ¥¥P<0.001 Agt-KO-Tg post-denervation vs Agt-KO-Tg baseline; *P<0.05, “*P<0.01
Agt-KO post-denervation vs FVB/N post-denervation, ##P<0.001, #P<0.01 Agt-KO-Tg post-denervation vs Agt-KO post-
denervation; #£P<0.001 vs FVB/N post-denervation; ns = not significant (2-way ANOVA with repeated measurements followed
by Tukey or Dunnett multiple comparison post hoc test). MAP = mean arterial pressure, HR = heart rate. The illustration in A was

partially created in BioRender.com.
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4.4 Genetic basis of the BP resilience in FVB/N Agt-KO

4.4.1 Baseline BP phenotype of F2 Agt-KO

Previous studies using Agt-KO either on mixed, outbred ICR, or inbred C57BL/6 background
reported hypotension with around 25 mmHg MAP reduction, contrary to the FVB/N Agt-KO
reported in this study (112, 159, 160). Genome sequences of inbred mouse strains only subtly
differ among each other (161), therefore, we suspected that the BP phenotype in FVB/N Agt-KO
is likely driven by a single gene. A GWAS was developed to test this hypothesis by crossing
FVB/N Agt-KO with C57BL/6N wildtype (Figure 45A). The resulting heterozygous F1
littermates were intercrossed, and the MAP of males and females of the F2 Agt-KO offspring was
measured (Figure 45A). Strikingly, the phenotyping of 67 F2 Agt-KO FVB/N (males and females
aging between 20-40 weeks) presented a mendelian bimodal distribution of MAP where most of
the mice were hypotensive and a smaller fraction normotensive. This phenotypic distribution
suggests a single locus associated with the trait (Figure 45B,D). Interestingly, among the
normotensive group part of the mice presented baseline MAP that could be categorized as
hypertensive however these animals were treated as normotensive for posterior GWAS analyses
(Figure 45B). Plotting the HR of hypotensive and normotensive mice no differential distribution
was observed but rather a continuum (Figure 45C), discarding an involvement of the cardiac
frequency on the basal MAP phenotype. Note: 7 wildtype mice (4 males and 3 females), F2-Agt-
KO littermates, were included in the cardiovascular phenotyping to estimate basal MAP and HR
in mixed background mice (C57BL/6 x FVB/N) (Figure 45BC) but these mice were not included

in the association analyses.
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Figure 45 - Generation and phenotyping of F2 Agt-KO to find the locus responsible for normotension in FVB/N Agt-KO.
Schematic representation of the mouse breeding strategy used to produce F2 Agt-KO (A), red and purple stripes represent FVB/N
and C57BL/6N chromosomes, respectively. Mixed striped colors are representing random chromosomal crossing over events
during meiosis. Note, the fur color does not associate to the knockout allele neither to the locus responsible for the BP phenotype.
MAP phenotype in 25-40 weeks old males and females F2 Agt-KO and wildtype littermates (B). Mice with basal MAP < 90
mmHg were considered hypotensive (blue background) and mice with basal MAP > 100 normotensive (green background). MAP
was acquired using the catheter method. HR in F2 Agt-KO and wildtype littermates (C). Proportion of F2 Agt-KO hypotensive
and normotensive mice (D). & = data points from male mice, @ = data points from female mice. Green data points = data points
from mice classified as hypotensive; blue data points = data points from mice classified as normotensives. BP = blood pressure,
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To confirm the baseline BP phenotype in F2 Agt-KO, the heart weight tibia length ratio was used as
an unbiased read out of the phenotype because the surgical burden unlikely alters these parameters as it
may influence the BP during acute quantification. Initially a Pearson correlation coefficient was calculated
plotting the heart weight tibia length ration against the baseline MAP. Both females (Figure 46A) and
males (Figure 46B) presented a positive correlation indicating that the cardiac mass strongly depends on
baseline BP levels. As predicted, hypotensive F2 Agt-KO mice presented lighter hearts in comparison to

age matched normotensives (Figure 46C,D).
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Figure 46 - Cardiac mass and BP relationship in F2 Agt-KO mice.

Correlation between heart weight/tibia length and MAP in F2 Agt-KO females (A) and males (B), blue and green data points are
hypotensive and normotensive mice, respectively. Heart weight tibia length ratios in F2 Agt-KO females (C) and males (D). R?=
correlation coefficient, MAP = mean arterial pressure.

4.4.2 Genome-wide association study with the F2 Agt-KO

The GWAS was performed using the 67 F2 Agt-KO (FVB/N x C57BL/6N) mice. Manhattan
plots were generated by two distinct logistic regression analyses modeling the MAP phenotype
against the whole genome SNP-mapping data obtained with the GigaMUGA markers. For both

analysis models, additive (Figure 47A) and dominant (Figure 47B), several loci were found
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significantly associated with the normotensive phenotype contrary to our expectations. However,
the locus found in chromosome 1 was the most significant in both models (Figure 47A,B) and the
SNP rs32049164 was the top hit.

Based on the bimodal BP phenotype observed in the F2 Agt-KO, we expected all mice or at
least a high percentage of the normotensive population would present biallelic FVB/N sequence
at the linked region on chromosome 1. Thus, a single SNP to control the phenotype discrepancies
among our F2 Agt-KO and ultimately among FVB/N and C57BL/6N strains was expected. To
test this, we selected the SNP rs31768697 which is ~122Kb upstream of the top hit. Only in the
FVBI/N allele a restriction site for Hincll is present in this SNP which makes it easy to distinguish
which SNP (FVB/N and/or C57BL6/N) is present in any sample, after restriction digestion of the
PCR product that flanks the SNP sequence. Out of 25 mice classified as normotensives only 13
contained biallelic FVB/N sequence, demonstrating that this locus might not necessarily be alone
involved in the BP controlling phenotype. In addition, this locus on chromosome 1 was analyzed
in silico but none of the genes comprising this region have known BP modulatory function.
Therefore, there is not only one gene responsible for the normotension in Agt-KO and the amount
of analyzed animals needs to be increased and to fine map candidate gene(s) responsible for the

BP phenotype.
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significance. For the dominant model in B, hypotensive mice were treated as controls and normotensive mice as cases.

Manhattan plot for the additive (A) and the dominant (B) models of the GWAS on baseline MAP in F2 Agt-KO mice in a total of

Figure 47 - Manhattan plots of the GWAS.
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4.5 RAS and erythropoiesis control

4.5.1 Baseline erythropoiesis

Since mice with gene targeted deletion of Agt, or one of the enzymes required for Ang Il
formation (Ren or ACE) as well as mice lacking the expression of both Ang Il AT1 receptors had
been shown to be anemic (162, 163), a capillary-based method was used to screen the baseline
red blood cell (RBC) proportion in blood of our mouse lines. Figure 48A shows that FVB/N Agt-
KO is also anemic. Interestingly, brain Ang Il rescued the phenotype in Agt-KO-Tg and,
accordingly, Agt-Tg displayed an increased hematocrit in comparison to wildtype (Figure 48A).
The hematocrit alterations found seem to be independent of the major erythropoiesis controlling

factor erythropoietin, because renal erythropoietin mMRNA levels were not altered (Figure 48B).

A Hematocrit B Erythropoietin - Epo

Kidney

o
o
1
N
o

o
o

A
Als A -

N

T T T T T
FVBIN AT1a-KO Agt-KO Agt-KO-Tg Agt-Tg

45 kkkk  HHE * g .

1.5 *

. + sk -

o >

240 . alx 22 -

[$) b ™ < g1.0 o u

@ 354 [ ade * =g o

14 O nE:g g ~ 'i
[x] - *
b=}
: L

e
=)

FVBIN AT1a-KO Agt-KO Agt-KO-Tg Agt-Tg

Figure 48 - Baseline hematocrit and erythropoietin expression.
Baseline hematocrit. Values are mean + SD "P<0.05, "P<0.0001 vs FVB/N; #P<0.001 vs Agt-KO (ANOVA followed by
Tukey multiple comparison post hoc test). RBC = red blood cell.

4.5.1.1 Hematology of anemic Agt-KO and rescued Agt-KO-Tg

To better understand the anemic phenotype and the rescue of erythropoiesis in Agt-KO and Agt-
KO-Tg respectively, EDTA-blood was collected for quantification of hematology parameters.
The parameters are displayed in Table 55. Interestingly, Agt-KO presented unaltered RBC counts
but hemoglobin (HGB) and RBC hemoglobin content (MCH) was decreased in this line. In
addition, RBC size measured by the mean corpuscular volume (MCV) was reduced, contributing
to the reduced hematocrit, and indicating microcytic anemia. Interestingly, in comparison to Agt-
KO, the erythropoiesis rescue in Agt-KO-Tg involved increased RBC and hemoglobin

production. However, RBC size (MCV) and hemoglobin content (MCH) were not rescued,
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indicating that the hematocrit was rescued increasing RBC production, but not RBC hemoglobin

content and/or size.

Table 55 - Baseline hematology in Agt-KO and Agt-KO-Tg.

Parameter (unit) FVB/N (n =7) Agt-KO (n =7) Agt-KO-Tg (n =6)
RBC (M/uL) 9.4+05 8.9+0.6 9.9 +0.7#

HGB (g/dL) 13.3+£0.8 12.0+0.8" 13.72 £ 0.7#
MCH (pg) 143+0.3 135+0.3™ 137 £0.2"
MCHC (g/dL) 29.7+0.7 29.4+0.4 29.8+0.8

MCV (fL) 483+1.2 457 +0.8™ 462 +1.3"

RET (K/uL) 463 £ 99 446 £ 65 465 £ 59

PLT (K/pL) 1194 £131 1019 £59 1088 + 207

WBC (K/pL) 5.43 +1.90 3.69 £2.07 5.26 +1.85

Values are mean + SD "P<0.05, *"P<0.01, *"P<0.001, vs FVB/N; #P<0.01 vs Agt-KO (ANOVA followed by Tukey multiple
comparison post hoc test). $P<0.001 vs FVB/N (Student’s t test). HGB = hemoglobin, RBC = red blood cell, MCH = mean
corpuscular hemoglobin, MCHC = mean corpuscular hemoglobin concentration, MCV = mean corpuscular volume, RET =
reticulocytes, PLT= platelets, WBC = white blood cell.

4.5.1.2 Brain Ang Il controls erythropoiesis via SNA

The hematology of Agt-KO-Tg indicated the brain-borne Ang Il increases RBC production.
However, these mice present altered urinary volume and dehydration markers (see section
4.3.9.4). Even though Agt-KO and Agt-KO-Tg presented similarly altered plasma dehydration
markers one may argue that RBC counts might be influenced by the extracellular volume.
Because in Agt-Tg all markers were not altered, we explored in depth the influence of brain Ang
I on erythropoiesis in Agt-Tg only using an automated blood cell counter. The results showed
that Agt-Tg displays increased RBC counts (Figure 49B). Accordingly, hemoglobin
concentration was found increased in Agt-Tg (Figure 49C) but the amount of hemoglobin per
RBC remained at normal levels (Figure 49D). In addition, reticulocytes which are the circulating
RBC precursors were found increased in Agt-Tg (Figure 49E) demonstrating that central Ang Il
potentiates erythropoiesis in the transgenic line similarly to the findings in Agt-KO-Tg. Because
erythropoietin expression was not altered (Figure 48B), we sought to chemically ablate SNA in
the periphery to verify if brain-borne Ang Il increases erythropoiesis via SNA to hematopoietic
organs (Figure 49A). Remarkably, 6-OHDA made the RBC and hemoglobin values to become
indistinguishable between sympathectomized wildtype and Agt-Tg (Figure 49B,C). Accordingly,
blood reticulocyte production became even in Agt-Tg mice after sympathectomy (Figure 49E).

Collectively, the data strongly supports an unprecedented mechanism in which brain Ang Il via
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the SNA controls erythropoiesis. In addition, no changes in white blood cells and platelets were
detected at baseline between wildtype and Agt-Tg groups (Figure 49F,G). However, the
sympathectomy protocol depleted the circulating white blood cell to a similar extent in both
wildtype and Agt-Tg (Figure 49G). Table 56 shows the differential leucocyte count

demonstrating that all major classes of leucocytes were similarly depleted in wildtype and Agt-

Tg.
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Figure 49 - Effect of peripheral sympathectomy on baseline erythropoiesis in Agt-Tg.

Schematic representation of the peripheral sympathectomy with 6-hydroxydopamine (6-OHDA) to study the impact of SNA on
erythropoiesis in Agt-Tg, baseline parameters were obtained including age-matched controls and Agt-Tg that were not treated
with 6-OHDA (A). Upregulated basal RBC (B), HGB (C) and RET (E) but unaltered MCH (D) in Agt-Tg EDTA-whole blood.
Peripheral sympathectomy with 6-OHDA normalizes RBC (B), HGB (C) and RET (E) values in Agt-Tg. Baseline and
sympathectomy effect on circulating platelets = PLT (F) and white blood cell = WBC (G). Values are mean + SD; $P<0.05 vs
basal FVB/N;*#P<0.01 vs basal Agt-Tg;£P<0.01 sympathectomy effect; ®P<0.05 interaction between genotype and
sympathectomy (two-way ANOVA followed by Tukey multiple comparison post hoc test). HGB = hemoglobin, MCH = mean
corpuscular hemoglobin, RBC = red blood cell, RET = reticulocytes, PLT = platelets, WBC = white blood cell. The illustration in
A was partially created in BioRender.com.
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Table 56 - Differential leukocyte counts before and after sympathectomy.

Parameter (unit) Treatment FVB/N Agt-Tg
WBC (K/pL) ?j‘fﬁﬁ,ia'liectomy 11 %o T6s07
Lymphocytes (K/uL) E;?ﬁpl)i:tiectomy g;g i 8:38’*55 411(1J(7) z (1):22555
Neutrophils (K/uL) ijﬁ;)'g‘tﬁ ectomy PO D900,
Monocytes (K/pL) S;?ﬁ:)i;ehectomy 833 i 8:8171*’55 gé; z 83(2)55
Eosinophils (K/uL) S;?ﬁ:)i:t?]ectomy 88‘21 i 88% 88411 i 88(2)
Basophils (K/uL) ?;fﬁ;l,i;tiectomy 8882 i 8882 2:808 =00

Values are mean + SD for 3-5 animals in each group. The results were analyzed by two-way ANOVA followed by Tukey’s post
hoc test. P < 0.05 vs basal FVB/N. 2P < 0.05, P <0.01, #£P < 0.001 sympathectomy effect. No significant interaction among
sympathectomy and genotype was observed. n.d. = not detected.

Because Agt-Tg presents brain Ang Il levels that may exceed normal physiological
concentrations, the model may not satisfactorily answer whether endogenous brain Ang I
influences baseline erythropoiesis. To answer this question, we used a transgenic rat model
carrying an antisense RNA against Agt in astrocytes leading to 90% Agt protein depletion
exclusively in the brain thus brain-specifically decreasing the RAS activity including Ang II.
Strikingly, the transgenic rat (TGR-680) displayed reduced hematocrit in comparison to age-
matched controls (10 weeks old) suggesting indeed an involvement of brain Ang Il in baseline
erythropoiesis (Figure 50A). In agrement TGR-680 presented reduced RBC (Figure 50B) and
hemoglobin (Figure 50C) while the mean corpouscular hemoglobin was not changed by
decreased central Ang Il (Figure 50D). Additionaly reduced brain RAS activity had no effect on
platelets and white blood cell counts (Figure 50E,F). Collectively, the hematological phenotyping
of TGR-680 strongly supports a modulatory role of Ang Il in baseline erythropoiesis homeostasis
that is mediated via SNA as shown using the Agt-Tg transgenic mouse line.
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Figure 50 - Hematology in rats with depleted brain RAS.

Decreased hematocrit (A), RBC (B) and HGB (C) in 10 weeks old rats with depleted brain RAS, TGR-680 compared to their
controls Sprague-Dawley (SD). Unaltered MCH (D), PLT (E) and WBC (F) in rats with depleted brain RAS. *P<0.05, P <0.01
vs SD (Student’s t test). RBC = red blood cell, HGB = hemoglobin, MCH = mean corpuscular hemoglobin, PLT = platelets, WBC
= white blood cell.

45.2 RAS and iron homeostasis

Because microcytic anemia was identified in mice lacking circulating RAS, plasma iron and
ferritin were quantified because this phenotype is indicative of body iron deficiency (100). In
agreement with the microcytic anemia, the anemic line Agt-KO presented reduced iron levels in
the plasma (Figure 51A) but also the Agt-KO-Tg line with partially rescued hematocrit. In this
line, iron levels were even further reduced in comparison to Agt-KO (Figure 51A). In agreement
with the iron measurements ferritin levels were decreased in plasma of Agt-KO and Agt-KO-Tg
indicating that iron storage within organs is also depleted in these lines (Figure 51B). Hepcidin is
a major factor controlling gut iron uptake. Upon liver release, hepcidin internalizes the gut
epithelial iron transporter ferroportin by direct binding and thereby reduces iron uptake (100).
The hepatic mRNA levels of the two genes encoding hepcidin (Hampl/Hamp2) in the mouse
were quantified. Interestingly, Hampl liver expression was downregulated in Agt-KO only
(Figure 51C), while Hamp2 was unaltered in all lines (Figure 51D). In addition, interleukin 6

gene expression was measured because of its fundamental role in regulating hepcidin expression.
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Hepatic interleukin 6 mRNA levels showed no alteration among the lines (Figure 51E). The data
indicates that hepcidin is not causative of the iron phenotype in Agt-KO and Agt-KO-Tg, on the
contrary, this factor is downregulated in Agt-KO likely because of the low plasma iron levels. In
addition, a pilot measurement of urinary iron levels was performed with 3 FVB/N and 3 Agt-KO
to verify if the renal damage led to higher iron excretion. The measurements were possible but
below the limit of quantification of the AU480 analyzer in Agt-KO. Nevertheless, the calculated
[iron])/[CRE] was apparently reduced in Agt-KO 0.3 £ 0.05 vs FVB/N 1.2 £ 0.71. Collectively,
our data suggests that Ang Il has peripheral and central mechanisms modulating erythropoiesis
which are completely independent. In the brain, Ang Il increases SNA to hematopoietic tissues,
and in the periphery, Ang Il seems to modulate iron absorption. Interestingly, the central
mechanism increases RBC production even during iron deficiency caused by the lack of
peripheral RAS peptides.
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Figure 51 - Erythropoietin production, and iron balance.

Renal erythropoietin mRNA levels (A). Plasma levels of iron (B) and ferritin (C). mRNA levels of the hepcidin encoding genes
Hamp1(D) and Hamp2 (E) and 116 (F). Values are mean + SD ™P<0.01, ""P<0.0001 vs FVB/N; #P<0.01 vs Agt-KO (ANOVA
followed by Tukey multiple comparison post hoc test). IL-6 = interleukin 6, N.M = not measured.

Agt is expressed in the gut (Figure 16A) and circulating Agt protein infiltrates peripheral
tissues and accounts for the majority tissue Agt (59). To discard a direct involvement of Agt itself
on iron uptake as a possible interaction with gut iron transporters such as ferroportin (100), we
investigated body iron homeostasis in Ren-KO. Using glass capillary hematocrit, we confirmed

that Ren-KO are anemic (Figure 52A). Strikingly, these mice also displayed reduced circulating
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levels of iron (Figure 52B), indicating an unlikely direct effect of Agt protein on iron absorption.
However, ferritin levels were not significantly reduced in Ren-KO as in Agt-KO and Agt-KO-Tg
(Figure 52C). The iron homeostasis in the mouse lines studied suggests that the iron deficiency
may be associated with peripheral Ang Il modulation of the iron uptake. Of note, spontaneous

bleeding was never observed in these lines.
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Figure 52 - Hematocrit, and iron balance in Ren-

KO mice.
Baseline hematocrit (A). Plasma levels of iron (B)
and ferritin (C). Values are mean + SD *P<0.05,
"P<0.01 vs FVB/N (Student’s t test). RBC = red
blood cell.
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4.6 Generation of knockout and knockin rats

We primarily focused on the generation of a knockin rat in which the sequence coding ChR2 was
planned to be introduced in the locus coding the Agtrla, ATla. This model was designed to
combine optogenetics with cardiovascular phenotyping in order to understand brain circuits
subjected to Ang Il modulation. AT1a-KO knockout animals were generating in parallel in

experiments used to optimize the CRISPR/Cas9 gene editing efficiency in SD rat embryos.

4.6.1 ATla knockout rats

Initially, the in vitro generated SgRNA was microinjected together with recombinant Cas9 protein
into SD rat zygotes to assess the efficiency of the sgRNA in targeting the rat Agtrla allele in the
zygote. Although 13 putative founders were born, none of these rats carried mutations at the
Agtrla locus (Table 1). Therefore, we changed to a novel method in which 2-cell stage embryos
were used to electroporate in vitro transcribed sgRNA plus Cas9 protein, this methodology
yielded 2 rats containing NHEJ mutations (Table 1). Because the NHEJ events happened at a rate
too low to generate knockin rats, the methodology was changed again using purchased sgRNA.
This time an efficiency of ~33% was observed, because 5 out of 15 born offspring from
electroporated embryos carried mutations at the targeted region of the Agtrla locus (Table 1). To

establish an AT1a-KO line, one of the 5 mutant rats that carried a monoallelic insertion of 2
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adenosines was selected (Figure 53). This mutant rat was mated with SD rats and heterozygous

littermates intercrossed to obtain AT1a-KO rats used to establish a line and validate the model.

Table 57 - Summary of CRISPR/Cas9 mediated NHEJ.

. Germeline
0,
Target cell SgRNA Cas9 Offspring NHEJ (%) transmition
Zygote In vitro transcribed Recomb!nant 13 0 (0.0%) NT
protein
2-cell embryo In vitro transcribed Recomb!nant 23 2 (8.7%) NT
protein
Commercial Recombinant 0
2-cell embryo (crRNA/tracrRNA) protein 5 5 (33%) Yes

NHEJ = non-homologous-end-joining, crRNA = CRISPR RNA, tracRNA = trans-activating CRISPR RNA, NT = not tested.
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Figure 53 - Generation of AT1a-KO rats using CRISPR/Cas9.

Chromatogram displaying sequences from amplified PCR products flanking the sgRNA binding sequence. Wildtype (top panel),
heterozygous (middle panel) and homozygous (lower panel). The red rectangle shows a mutation induced by NHEJ (2 adenosines
insertion “AA”, lower panel) in the rat Agtrla locus upon CRISPR/Cas9 mediated DNA double strand break. The sequencing was
performed using the forward primer used in the PCR. PAM = protospacer adjacent motif, SgRNA = single-guided RNA.

4.6.1.1 Functional validation of AT1a-KO knockout rats

AT1a-KO mice were generated over 25 years ago. Two well described major phenotypes are
hypotension and blunted pressor response to acute Ang Il administration, demonstrating that
ATl1a is the major Ang receptor expressed in resistance vessels (111, 164). Therefore, AT1a-KO
rats were functionally validated in vivo comparing with wildtype littermates the Ang Il pressure

response as well as the baseline cardiovascular parameters (Figure 53). Acute cardiovascular
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phenotyping demonstrated that AT1a-KO presented reduced baseline MAP (Figure 54A) with no
alterations in the HR (Figure 54B). Moreover AT1a-KO presented a drastically reduced maximal
MAP response to intravenous bolus injection of Ang Il (Figure 54C). The low baseline BP
together with the blunted pressure response to Ang Il indicates that a functional AT1a-KO rat line
was created by inducing a mutation in the Agtrla locus with the CRISPR/Cas9 technology. The
same animals were used in an additional experiment to quantify the maximal pressor response to
the adrenergic al agonist prazosin. Similar to FVB/N AT1a-KO mice (data in Figure 31B), SD
AT1a-KO rats presented reduced maximal MAP response to phenylephrine (Figure 54D).
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Figure 54 - Baseline cardiovascular parameters and pressor responses to Ang Il and phenylephrine in AT1a-KO rats.
Decreased baseline MAP (A) and unaltered HR (B) in awake 10-weeks-old SD rats globally lacking the AT1a receptor. Blunted
maximal pressor response to acute Ang Il infusion (C) and reduced maximal pressure response to phenylephrine (D) in awake 10-
weeks-old SD rats globally lacking the ATla receptor. P <0.05, P <0.01, ™™P <0.0001 vs SD (Student’s t test). SD =
Sprague-Dawley, MAP = mean arterial pressure, HR = heart rate. The V over the pulsatile arterial pressure trace represents the
approximate time of the bolus injection of Ang Il in a representative rat.

After the in vivo functional validation protocol, the animals were sacrificed, and some
morphometric parameters were taken. The body weight was not different among wildtype and
AT1a-KO rats (Figure 55A). However, AT1a-KO presented lower cardiac mass which is an
effect that most likely parallels the lower baseline BP in the line (Figure 55B). The wet weight of
the left kidney and adrenal glands were indistinguishable (Figure 55C,D). In addition, a gross
anatomy inspection did not reveal any evident phenotype, and males and females AT1a-KO were

fertile.
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Figure 55 - Morphometry in AT la-deficient rats.
Body (A), heart (B), left kidney (C) and adrenal glands (D) weight in 10 weeks old AT1a-KO SD rats. *P <0.05 vs SD (Student’s
t test). SD = Sprague-Dawley, MAP = mean arterial pressure.
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4.6.2 ATlaknockin rats

We endeavored to knockin the ChR2 within the rat Agtrla locus to explore the role of neuronal
populations expressing the AT1a receptor on BP control mediated by SNA. Several trials were
performed either microinjecting or electroporating zygotes or two-cell stage with commercial
SgRNA (crRNA/tracrRNA), Cas9 and a HDR templates (dsDNA, ssDNA or circular vector).
Despite a high rate of chromosomal cutting by CRISPR/Cas9 observed by mutations introduced
by NHEJ (Table 58), 63 founders were born but none were knockin (Table 58). One animal
which the HDR template was microinjected was positively genotyped however the construct did
not integrate in the desired place. Therefore, this animal was considered as a transgenic with
random construct integration. The transgene was transmitted to the germ line thus a transgenic
line was established, and animals from this line were mated for the isolation of transgene-
containing embryos. These embryos were electroporated with sgRNA and Cas9 to evaluate if
endogenous HDR could possibly knockin the transgene in the Agtrla locus. 20 founders carrying

the transgene were born but none was positively genotyped for the knockin (Table 58).

Table 58 - Summary of CRISPR/Cas9 mediated HDR.

Cas9 o 9 Transgene
Target cell chgﬁ/;racr Construct o fl?s %rr?ng N;fli;r(i g‘;;) ] Tc;';a:fi‘g;??n(g;f “k:'olzlin” trgggm:isrsw% ]
Zygote Mi MI 7 6 (85.7) 1(14.2) 0(0) Yes

2-cell Mi MI 3 3(0) 0 (0) 0(0) -
Zygote E E 25 18 (72) 0 (0) 0(0) -
2-cell E E 11 8 (72.7) 0(0) 0 (0) -
Zygote/2-cell” E MI 17 17 (100) 0 (0) 0(0) -
Zygote E Endogenous* 9 8 (88.8) 9 (100) 0(0) -
2-cell E Endogenous* 11 10 (90.9) 11 (100) 0(0) -

*These embryos contained the transgene randomly integrated in the genome. "In these experiments the HDR template was
microinjected into zygotes and the crRNA/tracrRNA with Cas9 electroporated in 2-cell embryos. MI = microinjection, E =
electroporation, cr/tracRNA = commercial SgRNA.
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5 Discussion

5.1 Generation and validation of rodent models

Agt-Tg was previously generated. In the frame of this PhD thesis this transgenic line was
extensively validated, phenotyped and used to rescue brain Agt expression in Agt deficient mice
(Agt-KO-Tg). The gain of function of brain Agt in Agt-Tg allowed to investigate the local brain
formation of angiotensin peptides and to study its impact on cardiovascular and erythropoiesis
homeostasis in animals containing or not the peripheral RAS (discussed in sections below).
Experiments demonstrated the presence of transgene mRNA only in the brain. The hGFAP
promoter has been extensively used to deliver astrocyte expression in rodents (61, 113, 114, 165).
Some studies demonstrated transgene expression in unwanted tissues even though in low
amounts in most of the cases (114, 166, 167). Experimental mice, Agt-Tg and Agt-KO-Tg, were
always heterozygous for the transgene because homozygous were not viable. Curiously, a single
copy of the transgene integrated at the chromosome 5. Normally transgenic animals contain more
copies of the transgene integrated in tandem which probably drives in many cases high transgene
expression in the targeted cell type (135, 168) and potentially off-target. Interestingly, ~350 bp of
the 5" end of the hGFAP promoter was lost, most likely, during integration. The remaining
promoter size is about 1.85 Kb from the original ~2.2 Kb. In the hGFAP promoter, key
regulatory regions were identified at the basal promoter and ~1.5 Kb upstream (169). The
functionality of a shorter variation of the hGFAP promoter with ~1.8 Kb has been previously
assessed in vivo. Adult mice expressing lacZ under the control of the hGFAP promoter containing
either 1.8 Kb or 2.2 Kb expressed B-galactosidase similarly in astrocytes (113, 170). Brain Agt
expression in Agt-Tg support the previous findings considering that the transgene mRNA was
only found in the brain, and ISH analyses of the transgene mRNA showed a strong co-
localization with astrocytes. Further analyses demonstrated that the construct used to generated
Agt-Tg integrated at the chromosome 5 in an intergenic region (Figure 14C). Attempts to induce
homozygosity in Agt-Tg failed indicating that the transgene deleted some genomic element(s)

which are essential during embryonic development.
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Potential AT1a-KO rat lines in the SD background strain were successfully generated
introducing mutations with CRISPR/Cas9-mediated NHEJ. By breeding one of the founders with
SD rats, the mutation in the Agtrla locus of 2 adenosines insertion was transmitted in the germ
line, and a mutant homozygous line could be established. As functional validation read out of the
gene knockout, the immediate pressure response to intravenous Ang Il administration was used,
because this physiological response was previously found to be largely suppressed in AT1a-KO
mice (111, 171). SD AT1a-KO rats presented a strong reduction in the pressure response
triggered by acute Ang Il injection. In addition, AT1a-KO rats presented decreased baseline BP
and as consequence decreased heart weight. The data indicates that in rats the AT1a receptor but
not the AT1b is mostly responsible for the vascular constrictor effect of Ang Il as previously
found in mice. There is a single report in which an AT1a-KO rat was generated using Zinc Finger
nuclease. This AT1a-KO line was generated in the Dahl salt-sensitive line (172), contrary to the
model developed in this study in a non-salt sensitive line, but like us the authors demonstrated
drastically reduced pressure response to acute Ang Il injection (172). The AT1a-KO generated in
this study was not extensively phenotyped because of our strong interest in the FVB/N mouse
lines. Nevertheless, this rat model is a suitable tool to experimentally address questions regarding
the importance of the Ang II/AT1a axis in cardiovascular physiology and beyond that might not

be easily addressed in mice as chronic recording of sympathetic nerves.

The first RAS knockout rat reported in the literature was a Ren-KO in the Dahl salt-
resistant line (controls), this model was generated with Zinc Finger nuclease. These rats presented
low baseline BP and the expected altered renal morphology and function (173). Interestingly,
heterozygous animals presented altered renal morphology contrary to what reported in Ren-KO
mice (115). The divergent findings among the different species highlights the importance to
investigate consequences of targeted gene deletions in different species. In humans, loss of
function mutations in genes encoding elements essential for Ang Il formation (Agt, ACE or Ren)
as well as AT1 mutations, lead to recessive tubular dysgenesis. Contrary to knockout rodents for
these genes, affected patients are in most of the cases stillborn or die within the first hours after
birth due to the lack of renal proximal tubes as well as lung aplasia among other complications
(174-176).
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Recently a double transgenic mouse strain expressing fluorescent proteins under the
endogenous control of the ATla and the AT2 receptors consolidated the knowledge from
classical ISH studies, demonstrating that these receptors are expressed exclusively by neurons. In
addition, neurons do not express both receptor types indicating a functional role (73, 74).
Therefore, we attempted to knockin the sequence coding the ChR2 in the rat endogenous Agtrla
locus to study the cardiovascular modulatory effects of specific subsets of neurons expressing the
AT1la receptors within brain cardiovascular nuclei. Because the minimum ATla promoter
necessary for cell-type specific gene expression has not yet been defined, we chose to introduce
the ChR2 directly in the coding region of the endogenous Agtrla gene using enhanced HDR with
CRISPR/Cas9. After several trials with methodological modifications, we could not obtain any
knockin rat. Recently knockin mouse models with large size inserts (> 2Kb) were generated at
low efficiency rate <10% in most cases. These models were generated using CRISPR/Cas9 and
long DNA templates which were either ssDNA or dsDNA. sgRNA and Cas9 were in most of
cases delivered by electroporation, while large inserts were either microinjected or delivered with
an adeno-associated-virus (129, 177). Knockin rats with insertions about the size of the construct
designed in this study had been recently generated using sgRNA and Cas9 electroporation in
zygotes and HDR template delivery by adeno-associated-virus, proving that enhanced HDR using
CRISPR/Cas9 for large inserts is possible in rat embryos (178, 179). The rodent knockin
generation field still requires further refinement in order to achieve high success rate and
reproducibility across different laboratories. Currently, several strategies are being optimized to
improve HDR success these include to carry the template close to the cutting side with Cas9 or
gRNA, and activating the HDR pathway with small molecules (180). These methodologies are
potentially suitable to be applied in the rat embryology field to increase large insert knockin

efficiency and eventually create a ChR2 knockin rat in the Agtrla locus.
5.2 Brain Ang Il generation

The brain’s ability to locally form Ang Il is controversial. Contrary to other peripheral organs, the
brain contains the BBB which limits the access of the circulating components of the peripheral
RAS such as Agt and Ren. It could be demonstrated that even the octapeptide Ang Il does not
reach brain areas within the BBB in homeostatic conditions by using peripheral administration of

suppressor doses of labeled Ang Il (181). In this respect, the modulatory role of Ang Il on
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physiological processes in the brain has to be triggered by brain-borne Ang Il (33, 76). Agt is
mostly produced by brain astrocytes with a broad brain distribution however enriched at
cardiovascular centers. ACE is expressed by certain neuronal populations and vascular
endothelium (73). The limiting factor seems to be brain Ren expression which is reported to be
very low and most of it (~98%) remains in the cytosol of neurons, thus, Ren interaction with the
astrocyte and secretory vesicle-specific RAS precursor protein Agt is unlikely (71, 76). Previous
studies demonstrated brain Ren like activity in brain homogenates (182). However, such
methodological approach is subjected to bias by the fact that compartmentalized enzymes as
lysosomal cathepsins are released and metabolize Agt in angiotensin peptides in vitro (183).
Interestingly, Ang | and Ang Il were detected in cerebrospinal fluid of dogs but not Ren
enzymatic activity supporting brain formation of Ang Il (131) but probably independent of Ren.

Some authors posit the existence of a neuronal intracellular Ang Il generation, because
several neurons express Agt and Ren. Interestingly, these neurons are located at cardiovascular
centers including the RVLM (69, 184, 185). The interaction between Ren and Agt is, however,
unlikely because as mentioned the dominantly expressed truncated Ren isoform has enzymatic
activity, however cytoplasmic Ren is not expected to interact with Agt in secretory vesicles (76).
Nevertheless, mouse lines with selective deletion of secreted Ren either in neurons or in
astrocytes were generated but both lacked a cardiovascular phenotype (186). The data suggested
that intracellular Ren is responsible for Ang Il synthesis or at least Ang I, because ACE activity is
necessary after Ang | production to form Ang Il. ACE is a membrane bound enzyme with the
catalytic site to the extracellular space and there is no evidence of cytoplasmic ACE production.
The global deletion of secreted Ren led to phenotypic alterations like in global Ren-KO mice
including hypotension and renal damage indicating that in secreted Ren in the periphery is crucial
for Ang Il production. Interestingly, the deficiency of secreted Ren increased brain intracellular
Ren expression, unfortunately brain Ang Il levels were not measured in these mice (187).
Recently, the intracellular Ren isoform was knockout in mice, and curiously these mice
developed active phase hypertension. The BP effect was accompanied by increased expression of
the secreted Ren isoform in the brain of mice lacking intracellular Ren, supporting that secreted
Ren contributes to brain Ang Il formation (188). However more recently it has been reported that

these animals are normotensive, and currently it is disputed that intracellular Ren downregulation
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disinhibits secreted Ren which contributes to brain Ang Il formation (69, 189). Based on the
studies mentioned no definitive conclusion can be drawn regarding brain Ang Il formation and

the role of locally produced Ren in the brain.

Classically angiotensin peptides including Ang Il were quantified in biological fluids and
tissues using radioimmune assays with antibodies validated to be specific for the different
peptides (131). Lately, ELISA kits were developed though they seem to lack specificity (190). In
addition, LC-MS/MS has been growingly employed to measure concentrations of angiotensin
peptides in biological samples, the main advantages are that the measurement does not depend on
antibody binding, and known concentration of labeled analog peptides may be added to the
samples before measurements (76, 190). LC-MS/MS based Ang Il quantification often failed to
detect Ang Il in rodent brain samples or it was found at low concentrations (59, 78). These low
levels of Ang Il detected in brain samples are speculated to originate from the circulation (76).
Supporting this notion, a study induced DOCA-salt'! hypertension in rats and Ang Il in brainstem
did not increase but was even reduced for which one explanation is the fact that the model
develops reduced peripheral Ang Il formation (59).

Our group made contributions supporting the brain Ang Il generation, one important
example was the generation of a transgenic rat expressing an antisense RNA against Agt in
astrocytes. This rat presented a brain specific reduction of 90% Agt protein which was
accompanied by a reduction in BP, stress induced pressure response, renal Ren secretion and
AVP secretion (61, 191). Other transgenic models provided further evidence of brain Ang I
production and functionality, including a mouse model overexpressing rat ATla receptors in
neurons and a mouse model with increased brain angiotensin converting enzyme 2. In both
models, basal BP was not altered, but the baseline BP dependence on brain Ang Il was increased,
and autonomic dysfunction was improved during induced hypertension, respectively (192, 193).
Besides that, many studies that blocked the brain RAS or increased it either using transgenic
rodents or directly infusing Ang Il into the brain showed several effects triggered by brain Ang II.
Nowadays, brain Ang Il is known to modulate AVP release, and salt appetite and drinking

11 DOCA-salt = deoxycorticosterone acetate-salt is a synthetic mineralocorticoid derivative. Thus, the model of
DOCA-salt induced hypertension usually constitutes of the chronic administration of DOCA in association with a
high salt diet and in some studies one kidney is removed (291).

- 156 -



Discussion

behavior. In addition brain Ang Il modulates several peripheral functions via SNA including BP,
metabolism, and immune cell activation alterations modulated by SNA in physiology and
pathology (75, 114, 142, 194-196). Several rodent models successfully increased brain Ang Il
levels mostly using direct brain injections of Ang Il in acute or chronic setups. In addition,
transgenic models were generated including mice secreting Ang Il directly by astrocytes, mouse
expressing rat tonin in brain astrocytes and the SRA model. The SRA model is a double transgenic
mouse expressing the human Ren in neurons, and human Agt controlled by its endogenous
promoter (114, 144, 197). Since human Agt can only be cleaved by human Ren and not by mouse
Ren the sRA model is brain-specific. All mentioned gain of function models were essential to
generate the current state of the knowledge about Ang Il actions in the brain. However, none of
the models was suitable to confirm endogenous Ang Il formation in the brain.

Agt-Tg and Agt-KO-Tg were key models to support in vivo brain Ang Il formation.
Because Agt transgene expression was delivered by astrocytes that is the normal cellular type
producing Agt (61, 71). The most convincing aspect of the models presented here in comparison
to other models is the fact that the sole overexpression of the RAS precursor protein Agt led to
detectable brain Ang Il. These findings suggest that the transgene Agt is most likely metabolized
to Ang Il by the endogenous pathway normally recruited for brain Ang Il formation.
Interestingly, the brain rescued line Agt-KO-Tg, which is devoid of endogenous mouse Agt
expression showed a similar pattern of Ang Il production. In addition, Ang Il was not detected in
the circulation of Agt-KO-Tg as discussed above due to the inability of Ang Il in crossing the
BBB. Further experiments revealed increased c-Fos expression in brain structures containing
cardiovascular centers of Agt-KO-Tg and Agt-Tg. In agreement with c-Fos expression data, Agt-
KO-Tg presented a cardiovascular response to peripherally administered candesartan, an AT1
blocker that crosses the BBB (198). Finally, the mouse lines with increased Ang Il formation
presented increased levels of circulating AVP estimated by measurements of plasma copeptin
concentration. Altogether, our data indicates that Ang Il is generated in the brain of the transgenic

lines and acts on cardiovascular centers.

Interestingly, Ang | was not detected in the brain of Agt-Tg and Agt-KO-Tg. Usually Ang

| is found at higher concentrations in comparison to Ang Il in blood, in tissues similar relative
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concentrations of both peptides are typically detected (59, 78, 199). Ang Il tissue concentration
correlates to AT1 receptor expression abundance in peripheral organs. The reason behind this
phenomenon is that Ang I is an inactive peptide and does not bind to a receptor while Ang II, at
least part of it, is bound to its receptors at the cell surface or intracellularly in vesicular
compartments after receptor mediated endocytosis. Bound Ang Il has increased half-life and
tissue concentration and is also protected from degradation during sample preparation (200). The
findings in Agt-KO-Tg and Agt-Tg led us to speculate that a Ren-independent pathway may be
responsible for central production of Ang Il in these lines, and likely in physiological conditions.
Some reports have detected Ang 1-12 in tissues like the heart, but the enzyme(s) responsible for
its production are still unknown (138, 139), therefore, we quantified Ang 1-12 in an attempt to
identify the mechanisms of central Ang Il formation. Similar to Ang I, Ang 1-12 is an inactive
peptide, if injected in the brain Ang 1-12 is converted to Ang Il by ACE (73, 201). However, Ang
1-12 was not detected in Agt-KO-Tg brains.

Altogether, the findings of this thesis support local Ang Il production in the brain, and that
neither brain Agt nor Ang Il spills over into the circulation. Further experiments are required to
validate the relevance of brain Ren activity for local Ang Il production in Agt-Tg. One example
is crossing Agt-Tg with Ren deficient mice to produce animals with high brain Agt in a Ren-KO
background to verify Ren-independent Ang Il generation. In addition, the brain site(s) of Ang Il
production should be further investigated. An important missing piece in the field is the
production site of the peptide. Because Agt is secreted, Ang Il formation might occur within

secretory vesicles or in the extracellular environment.
5.3 RAS and cardiovascular regulation

RAS blockers in particular AT1 receptor antagonists are among the first line choice to lower BP
in human hypertension (8, 80). Rodents differ from humans in the number of genes encoding for
the Ang Il type 1 receptors, humans have a single gene coding for the AT1 receptor while rodents
have two genes, Agtrla and Agtrlb, encoding AT1a and AT1b, respectively. The AT1a receptor
is usually more expressed in comparison to the AT1b across the body (33, 152). Mouse models
with targeted deletion of these receptors confirmed the dominant role of the ATla in
cardiovascular control, because AT1a but not AT1b knockout mice are hypotensive and have

increased circulating levels of Ren and Ang Il as compensatory effects (163, 164, 202, 203).
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Gene targeted deletions of Ren and ACE decreases BP due to absence of Ang Il production in
mice (115, 162). Hypotension is also observed in mice with gene targeted deletion of the RAS
precursor protein Agt in different background strains: mixed, ICR, and C57BL/6 (112, 145, 146).
Our BP measurements showed hypotension in FVB/N AT1a-KO but unexpected normotension in
FVB/N Agt-KO. There is a single report by Lochard et al. (197) using FVB/N Agt-KO. In this
study, Agt-KO were slightly hypotensive (BP was reduced by 14 mmHg in contrast to about 30
mmHg in other strains). However, BP was measured using tail-cuff plethysmography, a method
which is accompanied by stress. Moreover, inbred FVB/N breeding stocks may slightly differ

among laboratories that could account for phenotype discrepancies.

Vascular SNA dilate or constrict blood vessels, altering lumen size directly impacting the
vascular tone and, therefore, affecting short-term and long-term BP depending on the stimulus
duration (3, 16, 18, 26, 35). Life-long exaggerated vascular SNA outflow leads to profound
vascular remodeling. These alterations are not yet fully understood, but it is becoming clearer that
SNA levels alone not always directly correlate with BP after years of hypertension at least in
humans. However, the vascular remodeling induced by increased vascular SNA during
hypertension development and establishment plays an important role in the hypertension
pathology (18, 147, 204, 205). Because the SNS is seen as one of the most relevant systems for
long-term BP control, the autonomic control of the BP was extensively phenotyped in the mouse
lines that presented paradoxical BP phenotypes. Very interestingly, FVB/N Agt-KO presented
increased sympathetic outflow. This line was the only one that displayed a stronger response to
generalized peripheral sympathetic ablation with 6-OHDA. Previous studies with spontaneously
hypertensive rats, a model well-known to have increased SNA, demonstrated a similar response
to 6-OHDA (10, 32, 206). A curious observation is that all lines recovered baseline BP levels
even before the end of the 6-OHDA treatment (5 days). To our knowledge no other study has
used telemetry to track the effect of 6-OHDA on baseline cardiovascular parameters in mice.
There is a single report in which C56BL/6 mice received 3 doses of 200 mg/Kg 6-OHDA 6, 4,
and 2 days before BP recording by telemetry but no difference in baseline BP was observed, most
likely the BP effect was already gone as our results indicate (207). The recovery of baseline BP
levels was previously observed in rats, normally ~2 weeks after denervation, and curiously the

vascular sympathetic reinnervation seems to happen even before BP restoration after ~1 week. In
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addition, compensatory mechanisms were observed including increased adrenal catecholamine
release, increased vascular adrenergic receptor reactivity and peripheral Ang Il production (208—
211). Our data shows that Ang Il is not necessarily essential in this feedback response, because
ATla-KO, Agt-KO and Agt-KO-Tg with reduced or absent peripheral Ang Il reactivity

recovered BP similarly to wildtype controls.

The 6-OHDA experiment suggested that SNA is increased in Agt-KO contributing to
sustain normotensive BP levels. To determine the contribution of vascular SNA, the BP response
to sympatholytic drugs was investigated, and Agt-KO in agreement with 6-OHDA presented
increased depressor response to al, a2 and ganglionic blockade indicating an increased vascular
SNA in this line in the absence of Ang II. When general vasorelaxant substances interfering with
calcium dependent and independent pathways that control the vascular contractile machinery
were administered, the normotensive Agt-KO presented even stronger response to these drugs.
The data suggested that baseline vasoconstriction is stronger in Agt-KO to sustain normotensive
levels when comparing this line to controls. One explanation for having increased vascular
constriction to sustain BP levels is that the lack of Ang Il signal via ATla reduces the
extracellular volume (202). Interestingly, Agt-KO as well as the hypotensive Agt-KO-Tg
presented increased levels of dehydration markers (osmolality, albumin, total proteins and
sodium) supporting that this might be indeed the case. Interestingly, these markers were found
increased, supposing that the dehydration is chronic. In contrast, other studies suggest that
dehydration acutely increases these parameters in mice but not chronically (212). Agt-KO and
Agt-KO-Tg both presented increased dehydration suggesting that the phenotype is not a
consequence of BP levels but likely attributed to the impaired urine concentrating ability found in
RAS deficient animals that is a key feature of the RAS to control blood volume (115, 146).
Finally, the normotension in Agt-KO was accompanied by increased systolic pressure and heart
weight without changes in the HR, these phenomena might be the result of a complex response
involving increased constriction and/or reduced compliance of the vascular tree. These vascular
alterations are found in association with increased vascular sympathetic tone and may induce
volume and/or pressure overload in the heart leading to hypertrophy (147, 213). In addition,

increased SNA to the heart also induces hypertrophy (214).

- 160 -



Discussion

Contrary to gain of function models of Ang Il, the functional autonomic control of the BP
is not deeply known in mice deficient of RAS components. The lack of interest is probably due to
the fact that these lines are all hypotensive. Nevertheless, NE levels were measured in C57BL/6J
Agt-KO in plasma and turned out to be comparable to controls, also submitting these mice to cold
induced hypertension elevated plasma NE similarly in controls and Agt-KO (145). Plasma and
urinary NE were found increased in AT1a-KO (215). Interestingly two independent studies found
evidence of increased vascular SNA in ATla-KO because these mice presented increased
response to al and ganglionic blockade with prazosin and hexamethonium, respectively (216,
217). In the FVB/N AT1a-KO here presented, similarly increased response to prazosin was
found. In addition, the a2 adrenergic blocker yohimbine induced a stronger response in ATla-
KO. Contrary we could not detect alterations in urine NE levels in any of the FVB/N lines.
Importantly, the studies mentioned above used intraperitoneal injections of sympatholytic drugs
contrary to the present study where substances were delivered by intravenous route. The
increased vascular SNA in Agt-KO is not related to increased vascular adrenergic receptor
reactivity in fact the opposite was observed when stimulating endogenous NE release or using
specific al and a2 agonists. All lines with reduced or absent Ang Il signaling presented a blunted
pressor response to these substances. In parallel these animals presented reduced expression of
relevant adrenergic receptor subtypes mediating the vasoconstriction response. Concordantly
there have been studies showing that smooth muscle adrenergic receptor expression is stimulated
by Ang Il in culture (218, 219).

Agt-KO-Tg presented lower baseline BP, which was paralleled by reduced vascular SNA.
All drugs used in vivo to block SNA showed that Agt-KO-Tg presented a reduced vascular
sympathetic tone in comparison to Agt-KO. In addition, this line presented reduced NE levels in
mesenteric arteries. The findings are puzzling because high levels of brain Ang Il has been
previously demonstrated to cause hypertension in rodents either by intracerebroventricular Ang Il
infusions or in transgenic models (69, 114, 142, 144, 220), except if Ang Il is injected at certain
specific sites as the CVLM. At the CVLM, the Ang II/AT1 axis causes hypotension because the
nucleus consists of inhibitory neurons that project to the RVLM, the central hub for SNA control
(221, 222). In addition, brain specific AT2 agonist administration causes hypotension mediated

by peripheral SNA suppression (153, 223). Interestingly, mice lacking AT2 receptors in the NTS
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lack the BP lowering effect of the AT2 agonist compound 21 administered in the third ventricle.
The mechanism proposed is that Ang II/AT2 axis reduces GABA producing enzymes of
inhibitory circuits (153). Curiously, Agt-KO-Tg presented reduced expression of AT2 in the
hypothalamus and increased ATla expression in the brainstem. The measurements of GABA
producing enzymes showed no differences among the groups. Finally, neither acute nor sub-
chronic AT1 receptor blockade with candesartan increased BP in Agt-KO-Tg indicating that Ang
Il exerts a pressor response rather than a depressor as strongly suggested by the baseline BP. This
finding is not easily interpreted because Ang Il receptors are expressed in several interconnected
nuclei and therefore the response is rather complex. Moreover, receptor blockade probably does
not homogeneously and completely inhibit the binding of Ang IlI. In addition, AT2 receptor
activation mostly mediates BP reduction (74, 153), thus, AT1 blockade could potentially enhance
the Ang IlI/AT2 axis and/or the production of other downstream peptides as Ang 1-7 via ACE2.
Another explanation is that Ang Il not only affects neuronal activity directly but in addition it
modulates some unknown factors at gene expression level that may not be satisfactorily blocked

with the pharmacological approach used.

Agt-Tg presented increased BP only in acute BP recordings, radiotelemetry recording of
baseline cardiovascular parameters showed no BP alteration. The BP response in Agt-Tg is
somehow a predicted finding because during the acute BP recordings the animal is likely exposed
to higher levels of stress in comparison to radiotelemetry sampling. Acute stressor conditions are
known to increase BP, and a positive association with brain Ang Il exists. The peptide hormone
contributes to this physiological response potentiating SNA and renal Ren release (75, 191). An
interesting question raised by this BP finding is whether preexisting elevated Ang Il levels
potentiate the stress response or if the stress stimuli itself further raise brain Ang Il formation to a
level exceeding the normotension. As mentioned above such mechanism may be potentially
mediated by disinhibition of secreted brain Ren. The cardiovascular regulation found in Agt-Tg is
consistent with previous reports for brain-specific Ang Il gain of function including increased BP
and SNA as well as augmented AVP release (33, 41, 152, 224). Recent studies identified that
during chronic Ang ll-induced hypertension the splanchnic vasculature, containing
approximately 20% of the blood volume, is particularly affected by increased SNA. Accordingly
the removal of the splanchnic sympathetic neurons by celiac ganglionectomy attenuates Ang 1l-

induced hypertension (41, 225). In these models of peripheral Ang Il overload, the SNA increase
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is mediated by Ang Il actions at brain circumventricular organs or direct access of Ang Il to
nuclei normally protected by the BBB (19, 181, 226). Interestingly, peripheral Ang Il was
decreased in Agt-Tg due to reduction in Ren expression which is negatively controlled by BP
levels sensed by juxtaglomerular cells of the kidney*? (36, 107). Recently, a study suggested that
a mechanotransducing mechanism (BP dependent) mediated by B1 integrin-laminA/C rearranges
the chromatin structure and Ren expression (227). Collectively, the data suggests that brain Ang
Il induced a new neurohormonal balance controlling baseline BP in Agt-Tg.

Initially, we expected brain Ang Il overproduction would further raise BP in Agt-KO-Tg.
The study of Lochard et al. (197) that rescued Ang Il in their hypotensive FVB/N Agt-KO using
a construct that secreted Ang Il specifically by brain astrocytes showed no BP changes in Agt-
KO rescued, but BP was increased in their wildtype FVB/N expressing the same construct
similarly to Agt-Tg. To our knowledge except from our study this is the only study that restored
brain Ang Il in Agt-KO. The transgene is unlikely to be purely responsible for the phenotype,
otherwise Agt-Tg and Agt-KO-Tg should present BP changes in the same direction. Comparisons
of the BP phenotypes between Agt-Tg and Agt-KO-Tg should consider the fact that the
endogenous Agt is not present in the second therefore the endogenous pool of Ang Il is lacking.
Nevertheless, based on the fact Ang Il is generated in the brain of Agt-KO-Tg and Agt-Tg, the
findings suggests that Ang Il has a completely opposite regulatory functions on SNA and BP in
these lines. One missing piece in our findings is the source of increased SNA in Agt-KO, whether
the origin is from a peripheral reflex or brain intrinsic. Even the hypotension observed in Agt-
KO-Tg might be attributed to a modulatory effect of Ang Il on altered peripheral reflexes or brain
intrinsic pathways. These hypotheses were partially addressed with renal denervation and a
GWAS discussed below.

Besides increased SNA Agt-KO presented evidence of endothelial dysfunction

characterized by reduced NO production. NO released by endothelial cell diffuses into smooth

12 1n adult animals, renal juxtaglomerular cells supply the blood with Ren. These cells themselves sense BP via the
indicated mechanism and adjust Ren expression accordingly to maintain BP levels constant. This pressure-dependent
increase in Ren expression does not only operate in existing Ren producing cells but also on smooth-muscle cells of
the renal vasculature that may be retransformed in Ren producing cells and vice versa.
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muscle cells with a potent vasorelaxant effect dependent on cGMP production (88). Moreover,
studies demonstrated that NO acts on sympathetic terminal and lowers vascular SNA (32, 88,
204). Hence, the lower NO production likely contributes to the BP phenotype in Agt-KO.
External Ang Il overload and or mice lacking ACE2 enzyme (with Ang Il accumulation) present
endothelial dysfunction involving superoxide production (228, 229). In agreement with the fact
that Ang Il blunts NO production, “hypotensive” C57BL/6J Agt-KO presented increased levels
of plasma and urine NOXx indicating improved endothelial function (145). Interestingly, the
hypotensive Agt-KO-Tg presented an improved endothelial dysfunction and partially recovered
urinary NOXx but these levels may also be influenced by the high expression of renal neuronal NO
synthase found in this line. One hypothesis is that increased vascular sympathetic tone
deteriorates NO production but interestingly both Agt-KO and Agt-KO-Tg presented reduced

endothelial NO synthase expression in mesenteric arteries.

Collectively, we identified unexpected mechanisms of BP regulation involving
exaggerated SNA using FVB/N mice with gain and loss of function of RAS components.
Dissecting the altered molecular pathway(s) behind the phenotype found in the FVB/N Agt-KO
mice may not only add new knowledge for BP and SNA regulation but also open new avenues
for treating human hypertension. However, as previously mentioned SNA and BP are products of
multi-organ and hormonal systems interactions, therefore, the causes and consequences of these
alterations are not always easily distinguishable. Future studies including double knockout for
AT1a/AT1b on the FVB/N background would be interesting to better understand the BP
phenotype. We have preliminary evidence (not presented) that the unexpected normotension in
FVB/N Agt-KO is also present in FVB/N Ren-KO meaning that the absence of the RAS drives
the phenotype and not Agt exclusively.

5.3.1 Renal Physiology

The kidneys play a key role in maintaining and adjusting fluid homeostasis that may impact long-
term BP levels mostly via pressure natriuresis mechanisms (16, 230, 231). During renal
development Angll/AT1 receptor signaling is necessary to avoid post-natal renal developmental
damage. This lesion can be induced by AT1 blocker administration during active nephrogenesis
in rodents or genetically induced in a double knockout mouse model (AT1a and AT1b) as well as
by deleting Ren, Agt, or ACE (164, 232). FVB/N Agt-KO presented similar renal morphology to

- 164 -



Discussion

previous studies with Agt-KO, including leucocyte infiltration, fibrosis, and concentric vascular
hypertrophy demonstrating that the phenotype develops independent of the BP levels (136, 156,
159). Agt is expressed by kidney proximal tubule cells and there is evidence of intrarenal Ang 11
generation from locally produced Agt specially during hypertension (233). However, the rescue
of tubular Agt expression in Agt-KO does not rescues the developmental problems, in agreement
renal specific Agt deletion has no effect on the renal morphology, but hepatic-specific Agt
deletion induced the phenotype. Altogether, these studies demonstrated that circulating Agt
and/or Ang Il is required for correct renal development (60, 155). A previous study mentioned
above that restored brain Ang Il production in Agt-KO demonstrated improved renal morphology
(197). The brain rescued line Agt-KO-Tg presented a similar renal morphology comparing to
Agt-KO, indicating that local Ang Il acting on renal cells is most likely relevant to prevent the
phenotype in Agt-KO. In their model even though Ang Il was not detected in plasma of adult
animals it may had well been present during development either by off-target expression or spill

over in situations of open BBB during development (68).

An interesting observation in our study was the fact that the normotensive Agt-KO
presented normal renal Ren expression. The control of Ren expression and production has been
suggested to be under the control of several mechanisms including a feedback loop involving
Ang |1, because the AT1a receptor is found on Ren cells. However, two independent studies
deleted AT1a receptors on Ren cells and observed no influence on Ren production (234, 235) and
this is now supported by our findings with mice lacking peripheral Ang Il with different levels of
baseline BP which is obviously more relevant for the long-term Ren cell identity acquisition as
well as Ren secretion as previously reported (227, 236). In our hypotensive lines Agt-KO-Tg and
AT1a-KO high renal Ren expression was found while Agt-KO had normal Ren expression and
importantly none of these lines confirmed the Ang 11/AT1a feedback on Ren cells due to ATla

deletion or absent Ang Il production.

Excessive Ren cell recruitment has been suggested to cause concentric vascular
hypertrophy which is an intriguing phenotype. It seems to be dependent on an interplay between
Ren cells and AT1 signaling, because mice lacking either Ren cells or AT1a-KO with increased

Ren cell recruitment develop an attenuated version of the phenotype, while Ren-KO, Agt-KO,
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ACE-KO are all strongly affected (36, 115, 159, 237, 238). Importantly during concentric
vascular hypertrophy Ren positive cells usually localized at the outer layer of the hypertrophied
arteries indicating that not all smooth muscle cells turn into Ren producing cells like during a
low-salt diet (238, 239). Pentz et al. (237) deleted renal Ren producing cells using diphtheria
toxin and thereby prevented renal artery morphological alterations. However, the mouse model
used expresses Ren2 by the salivary glands therefore small amounts of Ang Il might still be
generated in the circulation besides diphtheria toxin is under the control of Renld gene meaning
that the cells only die when Ren is expressed. Moreover, Ren cells give origin to renal smooth
muscle cells that are likely killed in this model preventing the phenotype. Interestingly in RAS
deficient mice, the vascular phenotype appears already in the first there weeks of age, and the
Ren cell excess during intrauterine renal cortex formation (239, 240). Therefore, the mentioned
model has to be further explored to know if Ren cells are not accumulated in excess or Ang Il is

produced early during development, one option is crossing this line with Agt-KO mice.

The findings in the present study of AT1a-KO (with high Ren cell recruitment) and Agt-
KO (with low Ren cell recruitment) support the idea that the lack of AT1 signaling plays a major
role in renal vascular hypertrophy development. Also rats treated with AT1 blockers during renal
development develop arteriolar hypertrophy (232, 241). However, the specific deletion of AT1la
from FoxD1 positive cells in a AT1b global knockout background had no effect at all on the renal
morphology and function, also baseline BP and Ren release were unchanged at least in adult
mice. Renal FoxD1 positive descendent lineage includes kidney vascular smooth muscle cells,
pericytes, and Ren cells (242, 243). Finally, studies using mice lacking aldosterone production
with high Ren cell recruitment and Ang Il production showed vascular hypertrophy arguing
against the involvement of the AT1 but in favor or an exacerbated Ren cell recruitment early in
development (244). In contrast we found arteriolar hypertrophy in the absence of Ren cell
recruitment. One major caveat is that we have not evaluated the Ren cell recruitment during
active nephrogenesis in FVB/N Agt-KO which might not reflect the renal Ren expression in the

adult animal, because BP is possibly altered during early life.

Agt-KO presented increased urinary output and renal function markers such as urea and
creatinine. Interestingly, these phenotypes were partially rescued in Agt-KO-Tg, whether this

effect is cause or consequence is not easy to affirm. Agt-KO-Tg presented more renal SNA and
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AVP secretion, normally water reabsorption is improved by both stimuli (16, 20). Previously
Agt-KO mice were reported not to respond to AVP, and to have lost their urine concentrating
ability during water deprivation challenge (146, 156). The lack of AVP response is not yet
studied in detail, but one explanation is the altered extracellular sodium concentration in
hydronephrosis. AVP probably translocates aquaporin-2 to the cell membrane however a
hypertonic extracellular environment is essential for water reabsorption via passive transport
(245). The fact that Agt-KO presented increased blood osmolality could itself have a dipsogenic
effect ultimately leading to polydipsia. However, the osmolality was heavily influenced by urea a
metabolite that crosses cell membranes and previously shown not to induce dipsogenic effects in
comparison to other osmolytes as sodium (246). The high urea levels in Agt-KO might be
explained by aestivation, a mechanism usually observed in amphibians during adverse
environmental conditions to conserve water. A recent study observed this phenomena of urea
accumulation using the 5/6 nephrectomy model that is accompanied by polyuria (247). Our data
supports this hypothesis because AT1a-KO presented elevated creatinine like Agt-KO-Tg
suggesting a similar glomerular filtration rate, but AT1a-KO had normal urinary volume and
normal urea levels. Finally, Agt-KO presented the highest plasma accumulation of urea which

curiously correlates with the highest urinary output.

Glomerular filtration rate is influenced by several factors including nephron number,
blood pressure and renal blood flow which all are subjected to modulatory effects of Ang Il and
local SNA (248). From one side long term-high renal SNA is associated with structural changes
in the Kkidney leading to renal function decline, from the other side increased renal perfusion
deteriorates renal function (20, 249). Previous reports showed decreased glomerular filtration rate
and decreased tubular sodium transporters similar to our findings during experimental-induced
hydronephrosis in rodents (250, 251). Another factor influencing renal glomerular filtration rate
might be the high levels of immune cell infiltration found in Agt-KO. However, we have not
determined whether infiltrating cells are cytotoxic or not. Altogether, the reason why Agt-KO-Tg
present a better GFR suggested by the plasma creatinine levels might involve a complex
differential adjustment of renal function modulated by mechanical, immune and neurohumoral
factors in Agt-KO and Agt-KO-Tg involving systemic BP, renal blood flow and net glomerular

filtration pressure.
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It has been shown that Agt-KO mice exhibit increased renal SNA (160), and the same
effect was observed in the FVB/N Agt-KO line, and similarly in AT1a-KO. Interestingly, Agt-
KO-Tg displayed higher SNA in comparison to Agt-KO while Agt-Tg presented levels similar to
controls, confirming that long-term elevated brain Ang Il has no effect on resting renal SNA in
normal conditions (16, 252). Renal pathologies are growingly recognized to invert the reno-renal-
reflex exerted by the renal afferent that when activated in physiological conditions reduces renal
SNA (16, 253). All the factors contributing to this misbalance are not yet fully comprehended,
but renal immune cell infiltration and brain Ang Il are indicated as modulators of renal afferent
and renal efferent activities, respectively (254-256). Interestingly, immune cells often co-localize
with renal afferent and efferent nerves, and renal SNA was suggested to increase renal immune
cell infiltration in experimental models of hypertension because renal denervation prevented this
effect (255, 257, 258). We observed the opposite because Agt-KO-Tg with a higher renal SNA
activity in comparison to Agt-KO presented less immune cell infiltration. However, besides
sympathetic activation renal perfusion pressure levels was positively correlated to renal leucocyte
infiltration, and this might explain the lower levels found in the hypotensive Agt-KO-Tg (249).

Brain Ang 1l led to an apparent shift in SNA from the vasculature to the kidney in Agt-
KO-Tg when compared to Agt-KO, and as consequence BP levels were altered. Originally we
hypothesized that the damaged kidneys of Agt-KO and Agt-KO-Tg could impair the reno-renal-
reflex by activating renal afferents as previously shown in preclinical models of hypertension
(257, 259-261) and that the differential SNA to the vasculature and kidneys would be dictated by
the presence or not of brain Ang Il. To test this hypothesis, a bilateral renal denervation was
performed, and the BP fall monitored. Interestingly, MAP decreased in Agt-KO and Agt-KO-Tg
much less than in wildtype mice, and the hypotensive response in Agt-KO and Agt-KO-Tg
started only four days after denervation contrary to the immediate response in wildtype. The BP
fall after renal denervation has been previously observed in control rats and mice, but there is not
yet a consensus on the mechanisms. Reduced renal Ren release, vascular resistance, and renal
sodium and water reabsorption are suggested (16). The late BP response observed in Agt-KO and
Agt-KO-Tg might be driven by an increase in natriuresis in which the effects on BP are late and
gradual in contrast to Ren release with immediate BP effects (16). This data invalidated our
original hypothesis, but it demonstrated that the main pressure lowering effect in normal

conditions of renal denervation is a reduction on Ren release, and because only wildtype mice
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have circulating Agt, BP was found immediately and strongly lowered in these animals.
However, the impact of renal denervation in rodents on kidney Ren expression and release has
generated controversial results, either decreases or no effects were described (108, 262, 263).
Importantly, the time after denervation should be considered because reinnervation has been
described to be fast in rodents (within few weeks) (264). The chronic suppression of the NE
signal in mice by the genetic deletion of B1 and B2 adrenergic receptors lead to reduced Ren
expression and release (265). Moreover three months after renal denervation hypertensive
patients presented low level of circulating Ren and those patients with higher levels of circulating
Ren before surgery had a stronger pressure lowering effect after surgery (266). One should
consider that acute and chronic effects on BP elicited by renal SNA manipulation may not
necessarily be the same including Ren release, and Agt-KO mice with renal damage and lack of

Ang Il may misrepresent physiological conditions.

5.4 GWAS in FVB/N Agt-KO

One of the most surprising and at the same time puzzling findings of the present study is that
FVB/N Agt-KO is normotensive. So far all knockout mouse models affecting the Ang II/AT1a
axis displayed low blood pressure (111, 112, 115, 164, 267). In addition, recent studies of
targeted gene knockout rats demonstrated similarly reduced baseline BP including the SD AT1la-
KO rat from this study (Figure 54A) (172, 173). By phenotyping the FVB/N lines in this study,
AT1a-KO and Agt-KO-Tg, it became evident that the SNA contributes to the unexpected BP
phenotype in Agt-KO. However, the molecular mechanism driving this physiological response is
not easy to dissect. Nevertheless, this mechanism is very interesting since an equivalent
mechanism could account for BP control in humans and be a potential source of increased BP in
some manifestations of hypertension.

Importantly, inbred mouse strains are genetically very similar, and the full genome
sequences are available. Consequently, genetic markers as microsatellites and SNPs have been
identified across the genome and may be used as landmarks to identify locus and/or loci
associated to traits (161, 268). The fact the normotension in Agt-KO is completely unexpected
based on the knowledge acquired in the last three decades with Agt-KO model in mixed or other

inbred strains (112, 145, 146) led us to postulate that the phenotype is monogenic. To test this
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hypothesis, a F2 Agt-KO (FVB/N x C57BL/6) was generated. Strikingly, the BP data in the F2
mice seems to be dictated by a single gene because the individual MAP data points cluster in two
distinct populations, one with low and another with normal BP. In addition, the F2 Agt-KO BP
phenotype suggested that the normotension in FVB/N Agt-KO is of recessive nature, because
most of the F2 Agt-KO mice were hypotensive resembling the previously reported BP phenotype
of C57BL/6 Agt-KO.

However surprisingly, the association analyses performed in our study pointed to several
significant loci associated with the BP trait in the F2 Agt-KO, indicating that more than a single
locus likely prevents BP to fall in FVB/N Agt-KO. The fact that some animals develop BP levels
even in the hypertensive range confirm that more genes might be required in parallel to develop
the phenotype. One limitation in our experimental design is that we had no C57BL/6 Agt-KO
available. Otherwise, a F1 Agt-KO (C57BL/6 Agt-KO x FVB/N Agt-KO) could have been
generated, in addition, to study the BP phenotype in these mice. This experiment is particularly
important to confirm the dominancy findings identified in the F2 generation, because if a single
locus indeed predicts the phenotype and the C57BL/6 allele is dominant all F1 mice generated by
the breeding scheme mentioned must be hypotensive as pure C57BL/6 Agt-KO.

Currently, we assume that the BP phenotype in FVB/N Agt-KO is unique and genetically
driven by the FVB/N genome because we could experimentally demonstrate this phenomenon in
the F2 Agt-KO. Direct comparison of baseline MAP among wildtypes FVB/N and C57BL/6 from
our breeding stock showed minimal differences (maximal 5 mmHg), thus, this would not account
for the large difference of baseline BP observed in the F2 Agt-KO (229, 269). Interestingly, this
unknown factor(s) increases SNA and BP probably only in total absence of brain Ang Il, because
brain Ang Il completely suppresses this compensatory response in Agt-KO-Tg that has BP at
expected low levels for Agt-KO, and FVB/N AT1a-KO is also hypotensive. As mentioned above,
the combination of double or triple Ang Il receptor knockout in the FVB/N background would be
interesting to narrow down the phenotype discarding the involvement of other RAS peptides as
Ang 1-7. Altogether, the uncommon BP regulation in FVB/N Agt-KO renders it a promising tool
to identify genes controlling SNA and BP. First the F2 number should be increased to gain
statistical power. Second, one could study the effect of each significant chromosomal region

separately by transferring these FVB/N chromosomal regions to the C57BL/6 background by
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breeding. Once these lines are established one may use CRISPR/Cas9 to knockout Agt and study
the BP phenotype to narrow down candidate genes.

5.5 Erythropoiesis

Erythropoiesis is orchestrated by several factors inducing proliferation and survival of
erythroid progenitors. Well known key elements essential during RBC production are the
hormone erythropoietin and the metal iron responsible for erythroid progenitor survival and
hemoglobin synthesis, respectively (97, 100). In adult rodents during homeostatic conditions,
erythropoiesis mostly takes place in the bone marrow and perhaps a very small fraction of RBCs
are produced by the spleen (94, 270, 271). Ang Il has been acknowledged for a long time to
modulate erythropoiesis because RAS inhibition leads to anemia development in rodents and
humans (110, 272). Later this effect was observed in mice with genetic deletion of both AT1
receptors (AT1a and AT1b). Here, contrary to BP regulation the AT1b expression satisfactorily
sustains erythropoiesis (163). Accordingly, mice lacking Ang Il production via gene targeted
deletion of Agt, ACE, or Ren present anemia (162, 163, 187, 273). Our findings with FVB/N
AT1a-KO and Agt-KO fully agree that Ang Il controls RBC production via its both receptors in
rodent erythropoiesis because only Agt-KO was anemic. Patients suffering from chronic kidney
disease develop anemia (274). However, the anemic phenotype in mice lacking RAS seems to be
independent of the renal developmental damage, because mice expressing soluble instead of
membrane bound ACE present reduced Ang Il levels in plasma consequently develop anemia but

have no renal damage (162).

It has been demonstrated that the AT1a receptor controls renal erythropoietin release in
the kidney, because increased Ang Il in transgenic animals enhances erythropoietin release and
RBC production but not in double transgenic model with increased circulating Ang Il and
deficient in AT1a receptor (275). On the contrary the deletion of AT1a and AT1b receptors from
erythropoietin producing cells had no effect on the hematocrit and circulating levels of
erythropoietin (242). In vivo studies using anemic mice due to genetic deletion of RAS
components showed either increased erythropoietin or unaltered levels in plasma (162, 163)
demonstrating that the phenotype is not developed due to erythropoietin deficiency, similarly to

the findings of this study. Perhaps the effects observed in mouse models with increased Ang Il on
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erythropoietin release in vivo is secondary due to pathological mechanisms related to
hypertension as renal hypoxia (276). Interestingly, chronic Ang Il delivery in RAS knockout lines
rescues the RBC production and co-administration of Ang Il with the AT1 receptor blocker
losartan preventing the rescue (108, 163). The data collectively suggests that the AT1/Ang Il axis

is responsible for erythropoiesis control however the mechanisms are not yet fully described.

Our studies on Ang Il and erythropoiesis led us to identify the presence of an
unrecognized mechanism by which Ang Il controls erythropoiesis at the level of the central
nervous system involving SNA. Increased central Ang Il production led to increased
erythropoiesis in Agt-KO-Tg and Agt-Tg most likely via the same mechanisms. Therefore, we
decided to further study this phenotype in Agt-Tg only. Using a long-term peripheral
sympathectomy protocol, we could uncover that elevated brain Ang Il led to a SNA-dependent
increase in erythropoiesis in Agt-Tg. Reducing the SNA influence on erythropoiesis lowered Agt-
Tg RBC to levels comparable to controls. A study using the SRA double transgenic model with
increased brain Ang Il supports our findings because this double transgenic mouse has an
increased hematocrit. However, the double-transgenic animals have an altered fluid intake and
urinary volume. Thus the phenotype was originally seen as an effect of dehydration (144).
However, Agt-Tg mice likely have an unaltered fluid balance hence we conclude that the
increased hematocrit observed in excess of brain Ang Il production results in an increase in RBC
production stimulated by SNA.

The hematopoietic organs, bone marrow and spleen, are innervated by the SNS as other
peripheral organs (25, 277, 278). There has been previous studies describing increased SNA to
these organs induced by brain Ang Il infusion (25, 196, 252). NE has been recognized to
stimulate erythropoiesis by increasing erythroid precursor cell growth via 2 adrenergic signaling
by a mechanism apparently operating synergistic to erythropoietin (104, 279). This finding is
supported by sympathectomized rats treated with 6-OHDA that develop anemia (211).
Importantly, it seems that NE has a dose dependent effect on erythropoiesis because too high NE
concentration inhibits growth (280, 281). Interestingly, Agt-Tg presented increased spleen size.
In rodents, spleen erythropoiesis usually helps to recovery from acute anemia insults, but the
spleen is also known to degrade aged erythrocytes and animals with increased RBC production

develop a larger spleen. Hence, the splenomegaly in Agt-Tg might be cause or consequence of
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increased erythropoiesis (94, 282). Recently it was demonstrated that social stress induces an
increase in SNA to bone marrow and spleen and shifts the bone marrow hematopoietic stem and
progenitor cell migration into the circulation and the spleen increasing spleen erythropoiesis and
decreasing myeloid erythropoiesis. The same effect was observed systemically applying the -
adrenergic agonist isoprenaline (283). In the present study, the local site of increased
erythropoiesis was not determined but further potential studies should be performed to verify if

increased brain Ang Il reallocates erythropoiesis.

Agt-Tg as other gain of function models may not well represent physiological conditions
e.g Ang Il formation site and Ang Il levels. To test the role of brain-borne Ang Il in baseline
erythropoiesis, the hematology of a loss of function model was evaluated. The transgenic rat used
has normal circulating RAS and around 90% depletion of brain Agt leading to diabetes insipidus
due to reduced AVP release. Despite a higher water intake and urinary output this transgenic rat
presents normal plasma electrolytes and natriuresis (61). If the water balance influences the RBC
counts in this line it should increase due to plasma volume decrease. However, these rats with
reduced brain RAS presented a lower hematocrit, RBC counts and hemoglobin strongly
supporting a central effect mediated by Ang Il on baseline erythropoiesis. Because peripheral
RAS is not affected in the model, the effect observed on erythropoiesis is apparently mediated by
Ang Il locally generated in the brain independently of circulating Ang Il acting on

circumventricular organs.

All previous reports indicated an apparent normal iron homeostasis in mice lacking RAS
peptides and also the RBC morphology was not altered therefore normocytic anemia was
characterized (162, 163, 273). Contradicting previous reports iron deficiency was found in Agt-
KO and Ren-KO in this study (162). The low iron levels led to microcytic anemia, without
altering the RBC production but rather reduced volume characterizing microcytic anemia
similarly to what described in mouse with iron deficiency (284). Most of the iron content is
absorbed by a subset of gut enterocytes localized in the duodenum and part of the jejunum
involving the transporters DMT1 and ferroportin. Hepcidin is recognized as the major body iron
homeostasis regulator because it regulates iron uptake by controlling the internalization of

ferroportin (100, 102). The measurements of hepcidin showed reduced levels in Agt-KO and
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normal levels in Agt-KO-Tg as consequence the second had lower plasma iron in comparison to
the first. The data discards that hepcidin overproduction leads to iron deficiency in Agt-KO, but
shows that hepcidin is secondarily regulated according to the iron levels in the animals.

Despite that previous studies failed to identify reduced iron levels in plasma of RAS
knockout models, chronic overload of Ang Il in mice upregulated the expression of both proteins,
DMT1 and ferroportin, mediating duodenal iron uptake. As consequence Ang Il treated mice
presented increased tissue iron accumulation and reduced hepcidin expression. These alterations
were prevented by the co-administration of an AT1 blocker indicating a role of Ang II/AT1 axis
in iron uptake in agreement with the findings of this study (285). Moreover there is evidence that
DMT1 and ferroportin in rat kidney is upregulated during Ang Il infusion (286, 287). Our data
agrees with previous studies investigating iron metabolism in Ang Il excess by demonstrating the
reverse phenotype, the complete absence of Ang Il leading to iron absorption impairment. Further
studies are still pending to add robust evidence to the phenotype which include investigating the

expression of DMT1 and ferroportin in gut samples and the iron uptake in Agt-KO.

Collectively, our data indicates that Ang Il influences erythropoiesis by two distinct
mechanisms. In the periphery, Ang Il modulates body iron homeostasis and most likely iron
uptake that ultimately is necessary for proper hemoglobin and RBC production. Within the brain
brain-borne Ang Il increases SNA and potentiates erythropoiesis resulting in increased RBC

counts.

- 174 -



Conclusions and outlook

6 Conclusions and outlook

Attempts to quantify brain angiotensin peptides in preclinical models using LC-MS/MS often
failed to detect RAS peptides in brain samples. Several lines of evidence, mostly pharmacological
interventions, support local Ang Il formation in the brain. Locally expressed Agt and ACE are
abundant in the brain, but Ren is the limiting factor. Collectively, these points are the reason of a
general discordance within field of brain RAS. To test if the brain has the ability to form RAS
peptides, we have used a novel strategy that increased the precursor protein Agt expression
exclusively in the brain. The fact that Ang | was not detected supports the idea of a Ren-
independent pathway in the brain. Therefore, validating the dispensability of Ren for brain Ang Il
formation is still a fundamental question. Furthermore, brain Ang Il formation location,
extracellular or intracellular, must be determined. With new technologies to measure Agt, it
would be interesting to go back to larger animals and measure intact and cleaved Agt in the

cerebrospinal fluid?2.

There are two major aspects that need further understanding regarding the nature of SNA
regulation of long-term BP. First, how branch-specific activation of the SNA is regulated (26).
Several experimental evidence placed the RVLM as the major hub for SNA branch specific
modulation (32, 288). Slowly the regulation is being uncovered as exemplified by the
pathologically increased cardiac and renal SNA during heart failure, and the increased splanchnic
SNA during Ang Il induced hypertension (35, 41, 289). However, such questions have ultimately
to be addressed in complicated in vivo preparations that in many cases use acute manipulations to
infer long-term SNS regulation e.g inhibition of specific neuronal circuits (32, 290). Second, if
the SNS controls long-term BP, a set point likely exists. The big open question is whether the
brain itself senses BP and responds accordingly via SNA, or peripheral sensors control SNA via

brain projections (3).

13 Cleaved Agt is des(Ang I)Agt, the Agt protein products of after Ren cleavage. If this metabolite is measurable in
the cerebrospinal fluid this would support brain Ang Il formation as well as the dispensability of Ren or not.
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To our knowledge this is the first time that a model lacking Ang Il production is
normotensive, and that unspecific brain Ang Il production induced hypotension. The findings of
this study demonstrated that FVB/N Agt-KO has an overactivated SNA that compensates the loss
of the RAS and that brain rescue of Ang Il production reduced BP by mediating a decrease in the
vascular sympathetic tone in this animal. Importantly, SNA is locally regulated by factors such as
Ang |l but also tuned by peripheral inputs (afferents) such as the renal. We took advantage of the
BP phenotype discrepancy in comparison to the C57BL/6 strain to dissect the molecular basis of
the alterations found, and potentially point out new molecular players in SNA and BP control.
Even though the BP phenotype indicated a single gene associated with the trait it seems that
several loci contribute to the unexpected BP phenotype in FVB/N Agt-KO. Such complex
interactions are not easy to genetically fine map, thus, future studies are necessary to complement
the current one. If this mechanism(s) could be identified one could better speculate how brain

Ang |l reverts or prevents this puzzling phenotype in FVB/N animals lacking RAS.

Finally, the data set of this thesis suggested mechanisms whereby anemia develops in
mice with gene targeted deletion of RAS components. The role(s) of Ang Il in erythropoiesis
control is not yet precisely defined. Ang Il is known to increase SNA to hematopoietic organs,
and we identified that increased central Ang Il increases erythropoiesis via SNA. Further, studies
should be designed to find the erythropoiesis source in these conditions, especially because the
SNS is known to stimulate hematopoietic progenitor cell migration. If brain Ang Il indeed has a
modulatory role also in human erythropoiesis by SNA, the use of RAS blockers in conditions of
altered erythropoiesis should be considered. Interestingly, another mechanism whereby Ang Il
controls erythropoiesis was identified, namely body iron homeostasis. This point was poorly
addressed in this study, but the strong phenotype found in association with the RAS absence
indicates that the iron balance is inappropriate. Gut iron transporter expression, iron uptake
studies and rescue of the phenotype in Agt-KO by exogenous Ang Il are among the next

experiments to be performed in upcoming studies.
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8 Appendix

8.1 List of units

% = percent

°C = degree Celsius
Mg = microgram

ML = microliter

MM = micromolar
a.u = arbitrary unit
bp = base pairs

bpm = beats per minute
cm = centimeter
fmol = femtomole

g = centrifugal force
G = gauge

8.2 List of abbreviations

" = three prime end
5" =five prime end
6-OHDA = 6-hydroxydopamine
ACE = angiotensin converting enzyme
ACE2 = angiotensin converting enzyme 2
AD = aspartate decarboxylase
ADH = antidiuretic hormone
Agt = angiotensinogen

g =gram
Hz = herz

Kb = kilobase
kDa = kilodalton
Kg = kilogram

L = liter

M = molar

mA = milliampere
mg = milligram
min = minute

mL = milliliter
mm = millimeter

Akrlb7 = aldo-keto reductase family 1 member B7

ALB = albumin

Ang 1-12 = angiotensin 1-12
Ang 1-7 = angiotensin 1-7

Ang | = angiotensin |

Ang Il = angiotensin |1

Ang Il = angiotensin 111
ANOVA = analyses of variance
APA = aminopeptidase A

APN = aminopeptidase N

APS = ammonium persulphate
AT1 = angiotensin type 1 receptor

AT1la = angiotensin Il type 1a receptor
AT1b = angiotensin Il type 1b receptor
AT2 =angiotensin Il type 2 receptor
ATP = adenosine triphosphate

AVP = arginine vasopressin

mmHg = millimeters of mercury
mV = millivolt

ng = nanogram

nm = nanometer

pg = picogram

pmol = picomole

rpm = rotations per minute
s = second

U = unit

V =volt

v/v = volume/volume

w/v = weight/volume

B = Brown

BBB = blood-brain-barrier

BCA = bicinchoninic acid

BFU-E = burst-forming unit erythroid
BP = blood pressure

BR = brain-rescue

BRS = baroreflex sensitivity

BSA = bovine serum albumin

BUN = blood urea nitrogen

Cas9 = CRISPR associated protein 9
CD3 = cluster of differentiation 3

CD68 = cluster of differentiation 68
CD68 = cluster of differentiation 86
cDNA = complementary DNA

CFU-E = colony-forming unit erythroid
cGMP = cyclic guanosine monophosphate
Chr = chromosome

ChR2 = channelrhodopsin 2

CIP = calf intestinal alkaline phosphatase
CRE = creatinine

CRISPR = clustered regularly interspaced short palindromic
repeats

crRNA = CRISPR RNA

Ct = cycle threshold

CVLM = caudal ventrolateral medulla
DAPI = 4, 6-diamidino-2-phenylindole
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DBP = diastolic blood pressure

ddH20 = double-distilled water

DEPC = Deoxyribonucleic acid

DMSO = dimethyl sulfoxide

DMT1 = divalent metal transporter 1
DNA = Deoxyribonucleic acid

Dnase = deoxyribonuclease

dNTPs = deoxynucleotide triphosphates
DOCA-salt = deoxycorticosterone acetate-salt
dsDNA = double-stranded DNA

E = electroporation

EDTA = ethylenediaminetetraacetic acid

EGFP = enhanced green fluorescent protein
ELISA = enzyme-linked immunosorbent assay
ENaC = epithelial sodium channel ENaC
eNOS = endothelial nitric oxide synthase
eUvol. = estimated urinary volume

F1 = first filial generation

F2 = second filial generation

GABA = gamma-aminobutyric acid

GAPDH = glyceraldehyde 3-phosphate dehydrogenase
GFAP = glial fibrillary acidic protein

GLC = glucose

GPCRs = G protein coupled receptors

gRNA = guide RNA

GWAS = genome-wide association study
HDR = homology-directed repair

het = heterozygous

HGB = hemoglobin

hGFAP = human glial fibrillary acidic protein
HIF-20 = hypoxia-inducible factor 2a

Hom = homozygous

HR = heart rate

HSC = Hematopoietic stem cell

i.p = intraperitoneal

i.v = intravenous

IBA-1 = ionized calcium binding adaptor molecule 1
ICAM-1 = intercellular adhesion molecule-1
IF = immunofluorescence

1gG = Immunoglobulin G

IL-6 = interleukin 6

IML = intermediolateral cell column

ISH = in situ hybridization

KO = knockout

LA = locomotor activity

LaGeSo = Landesamt fiir Gesundheit und Soziales

LB = lysogeny broth

LC-MS/MS = liquid chromatography—tandem mass
spectrometry

L-DOPA = L-3,4-Dihydroxyphenylalanine

L-NAME = Nw-nitro-L-arginine methyl ester hydrochloride

M= muscle

mAgt = mouse angiotensinogen

MAP = mean arterial pressure

MCH = mean corpuscular hemoglobin

MCHC = mean corpuscular hemoglobin concentration
MCYV = mean corpuscular volume

MDC = Max Delbriick Center for Molecular Medicine
MI = microinjection

M-MLV = moloney murine leukemia virus reverse
transcriptase

mRNA = messenger ribonucleic acid

MUGA = mouse universal genotyping array

n = number of individuals

n.d = not detected

NCC = sodium-chloride cotransporter

NE = norepinephrine

Neo = neomycin

NEP = neprilysin

NHE3 = hydrogen exchanger

NHEJ = non-homologous end joining

NKCC2 = sodium-potassium-chloride cotransporters
NM = not measured

nNOS = neuronal nitric oxide synthase

NO = nitric oxide

Nox = nitrate and nitrites

ns = not significant

NT = not tested

NTS = nucleus tractus solitarii

OVLT = organum vasculosum of the lamina terminalis
P = probability

PAM = protospacer adjacent motif

PAP = pulsatile arterial pressure

PBS = phosphate buffered saline

PBS-T = phosphate buffered saline- Tween20

PCR = polymerase chain reaction

PEP = prolyl endopeptidase

PFA = paraformaldehyde

pH = potential of hydrogen

Pl = pulse interval

PLT= platelets

PNK = polynucleotide kinase

PRCP = prolylcarboxypeptidase

PVN = paraventricular nucleus of the hypothalamus
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rAgt = rat angiotensinogen

RAS = renin angiotensin system

RBC = red blood cells

Ren =renin

RET = reticulocytes

RIPA = radioimmunoprecipitation assay buffer
RNA = ribonucleic acid

RNase = ribonuclease

RNasin = ribonuclease inhibitor

ROCK = Rho-associated protein kinase

RT = reverse transcription

RT-PCR = reverse transcriptase PCR
RT-gPCR = reverse transcriptase quantitative PCR
RVLM = rostroventrolateral medulla

S =salivary

SBP = systolic blood pressure

SD = Sprague-Dawley

SDS = sodium dodecylphosphate

SDS-PAGE = sodium dodecylsulfate polyacrylamide gel
electrophoresis

SFO = subfornical organ

sgRNA = single-guide RNA

siRNA = short interfering RNA

SNA = sympathetic nerve activity

SNPs = single nucleotide polymorphisms
SNS = sympathetic nerve system

8.3 List of tables

SNS = sympathetic nervous system

SON = supraoptic nuclei
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