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Summary

Hypertension prevalence is still growing worldwidevasl asthe number of drugherapy non
responsive patients. Therefore, improving the current and developing new thésapaegrol
blood pressure (BP) warranted Growing literature point$o the sympathetic nerve system as
the major system controlling lortgrm 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 duthé&obroad actions of the powerful
hormone angiotensin (Ang Il) produced in the circulation or withiorgans The project airad

to further characterize the modulatory effects ofetiRAS on SNA and its impact on
cardiovascular control and erythropoiegiarticularly focusing othe roleof brainborne Ang Il
These questions werexperimentallyaddressed wititRAS gain and loss of functiomouse
modelsin the FVB/N background strain, and compétary experiments were performed with

rats and mixed background mice

A transgenicline with brain-specific angiotensinogenAgt) expression was validated
(Agt-Tg) and used to demonstraten vivo local brain Ang Il formation. FVB/N mice
cardiovascular gulation revealed predicted and surprising phenotypssexpectedFVB/N
mice lacking the major Ang Il receptPhT1a-KO) presented reduced BP, aAdt-Tg displayed
increased BRiccompaniedby increased SNASurprisingly,adultFVB/N mice lacking Agt Agt-
KO) werenormotensivecontrastingprevious findingsn other strainsParadoxically, thgenetic
brain-rescue ofAgt in Agt-KO (Agt-KO-Tg) stronglyredu@d BP. Using integrative physiology
we identified that the normotension in AgkO is driven by increasedvascular tonedue to
exaggeratedympathetic outflovand impaired nitric oxide productiomhichis reversedy brain
Ang 1l in Agt-KO-Tg contrasting AgiTg. Agt-KO-Tg also presentedbetter renal function
compaed to Agt-KO despite similar renal mohplogical damage. Inaddition, brain Ang I
strondy activatedrenal SNA in Agt-KO-Tg, andrenal denervation had minimal effect Aigt-
KO and AgtKO-Tg baseline BP

A genomewide-associatiorstudywas employedo uncover thegeneic alterationcausing
FVB/N Agt-KO to fail in redueng BP. For this, amixed background (FVB/N x C57B6N) F2
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Agt-KO line was generatedtrikingly, the phenotyping data of the F2 AYD strongly indicates
a single recessive allele responsible for the BP phenotype BANFXgt-KO oncethe BP in the
F2 presenteda clear bimodal distribution with mosmice being hypotensive However, the
association analyses demonstrated that several loci likely contribute to the phemdtyjidN
Agt-KO.

Finally, we identifiedone centl and one peripheral mechanism of erythropoiesis
regulation modulated bthe RAS In the brain, Ang Iffavors erythropoiesisvia SNA Agt-Tg
with elevated brain Ang Il displayed increased erythropoiesiswhatreverted by peripheral
sympathectomy, and rats with depleted brsgt presentediecreased baseline erythropoiesis. In
the periphery, the experiments revealed that RASinfluences tle iron homeostasis because
Agt-KO mice presented microcytic anemia accompanied by reduced levels of circulating and

tissuestored iron.

Altogether, the data set generated within the frame oflogtoralthesis supporttocal
formationand function oforain Ang Il. Furthermore, we provided evidence that brain Ang Il is
involved in differential SNA regulation to different organs impacting BP homeosEigslly,
two unprecedentedhechanisms of erythropoiesis control modulated by the RASNA and

iron homeostasis wereevealed

Keywords: Sympathetic nerve activity, hypertensitinain RAS rodent moels,red blood cell,
iron metabolism
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V.

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 Blutdruskshifertigt.
Zunehmend weist Literatur darauf hin, dass das sympathische Nervensystem das wichtigste
System fiur die Steuerung langfristiger Blutdruckhomdostase ist, aul3erdem wird Bluthochdruck
oft von einer erhdéhten sympathischen Nervenaktivitat (SNA)eltet. Das ReniAngiotensin

System (RAS) ist an der Kontrolle des H&meislaufSystems beteiligt. Das potente Hormon
Angiotensinll (Ang-11) des RAS wird im Blutkreislauf oder in den Organen gebildet und besitzt
vielfaltige physiologische Effekte. Dd&rojekt zielte darauf ab, die modulatorischen Wirkungen

des RAS auf die SNA und entsprechenden Folgen auf die kardiovaskulare Kontrolle und die
Erythropoese weiter zu charakterisieren, wobei der Schwerpunkt auf der Rolle des im Gehirn
gebildeten Ang Il Ig. Dieses Ausgangsinteresse wurde experimentell mit RAS Gain und Loss
of-FunctionMausmodellen im FVB/N Hintergrundstammntersuch Erganzend wurden

Versuche mit Ratten und Mausen mit gemischgemetischemdintergrund durchgefuhrt.

Eine transgene Linie mit gehirnspezifischer Angiotensindgpgmression (Agt) wurde validiert
(Agt-Tg) und verwendet, um die lokale AigBildung im Gehirn in vivo zu demonstrieren. Die
Ergebnisse zukardiovaskulare Reguation von FVB/N-Mausen ergadn die vermuteten und
Uberraschende Phé&notypen. Wie erwartet hatten FAKBiNse, denen der wichtigste Adig
Rezeptor (AT1&KO) fehlte, einen verminderten Blutdruck. Aul3erdem zeigte-TAgteinen
erhdhten Blutdruck im Zusammenhang mit erhdhter SNA. Im Gegemsdtiiheren Befunden
bei anderen Stammen, waren erwachsene FWB#&Nse ohne Agt (AgKO),
Uberraschenderweise normotensiv. Paradoxerveeisktedie spezifischéViederherstellung der
Agt Genexpression im Gehirn von AD (Agt-KO-Tg) den Blutdruck dramat#. Mithilfe von
integrativer Physiologie konnten wir feststellen, dass die Normotonie bek@giurch einen
erhohten Gefaldtonus aufgrund eines UbermaRigen Sympathikotonus und einer beeintrachtigten
Stickoxidproduktion verursacht wird. Diese werden bet-K@-Tg im Gegensatz zu Agig
durch Ang Il im Gehirn umgekehrt. AgtO-Tg wies im Vergleich zu AgKO trotz ahnlicher

morphologischer Nierenschaden eine bessere Nierenfunktion auf. Des Wakievestte Ang |
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im Gehirn die renale SNA in Ag€O-Tg stark wohingegeneine renale Denervierung nur

minimale Auswirkungen auf den Basisblutdruck von-K@ und AgtKO-Tg hatte.

Eine genomweite Assoziationsstudie wurde implementiert um die genetische Veranderang,

der Normotonie bei FVB/N AgKO fihrt, aufaidecken. Fir diesen Zweck wurde eine F2-Agt
KO-Linie mit gemischtem Hintergrund (FVB/N x C57BL/6N) erzeugt. Bemerkenswerterweise
wiesen die Phanotypisierungsdaten durch eine klare bimodale Verteilung des Basisblutdrucks in
der F2 AgtKO stark auf ein einzees rezessives Allel hin, das fir den BlutdriRtk&notyp in

FVB/N Agt-KO verantwortlich ist, wobei die meisten Mauseypoton waren Die
Assoziationsanalysen zeigten jedoch, dass wahrscheinlich mehrere Loci zum Phéanotyp bei
FVB/N Agt-KO beitragen.

Im letzen Teil der Arbeitidentifizierten wir zweiRegulatimsmechanismerder Erythropoese
(zentraler und peripherer), die durch das RAS modulerden Im Gehirn begtnstigt Ang Il

die Erythropoese Uber SNA, da AbDg mit gesteigertem Anf im Gehirn eine drdhte
Erythropoese zeigte, die durch periphere Sympathektomie riickgangig gemacht wurde. Auf3erdem
zeigten Ratten mit verminderter Agkpression im Gehirn eine verringerte Erythropoese. In der
Peripherie zeigten die Experimente, dass das RAS die Eisenhas®bgeinflusst, da A¢tO-

Mause eine mikrozytare Anamie 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 Gehirartber hinaus konnten wir nachweisen, dass Ang

Il im Gehirn an der differenzierten SNRegulierung in verschiedenen Organen beteiligt ist, was
sich auf die Homdostase des Blutdrucks auswikhliel3lich wurden zei neueMechanismen

der Erythropoese Kontrolle aufgedeckt, die durch das RAS Uber SNA und Eisenhomdostase

moduliert werden.

Schlisselworter:Sympathische Nervenaktivitat, Bluthochdruck, GeliR&S, Nagetiermodelle,
rote Blutkdrperchen, Eisenstoffwechsel
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Introduction

1 Intro duction

1.1 Blood pressure and hypertension

Classically blood pressure (BP) is defined as the produbeehfrdiac output and total peripia¢
resistance. The cardiac output depends on the heart rate (HR) and stroke volume (essentially the
blood volume pumpeder heartbeat in a given time frame). While the peripheral resistance is the
resistance encountered by the blood pumped into the atiocylsystem that is governed by the

blood volume in the system itself and neurohumoral modulators of the arterfa{tprizaseline

BP levels vary considerably throughout a day in response and adaptation to alternating
environmental conditions including bumot restricted to stress, physical activity, sleep and
emotions(2). However, the longerm average levels of BRary minimally because several
organs and hormonal systems that operate in an interdagendnne to keep longterm BP

levels constan3) (Figurel).

The appreciation that BP control is complex already emerged in the 1940s by the
observations ofirvine Pagewho proposed thefiMosaic Theory of Hypertension i n  whi ¢ h
hypertension was for the first time described as a complex dis@pdpifferent organshave
specific and relative contributions for sheterm and longerm BP contral Hence, the
malfunctioning of oe of these components potentially triggers a systemic chain of reactions that
may result in hypertensiorFigure 1). One example is the classical hypertension model of
chronic angiotensin 1l (Ang Il) overload in experimental animals which mimics conditions as
renal artery stenogisChronically increased Ang |l levels lead to major alterations inmaBP
control including renal salt and water reabsorption, vasocadtisiriocvascular remodeling and
dysfunction, immune cell activation, baroreflex impairment and increagewathetic nerve
activity (SNA). In this model, the alterations mentioned induce changes in the cardiac output and

vascular resistance that ultimateyse baal BP levels chronically establishing hypertendid)

! Arterial tone refers tthe degree of constriction of the arteries. For details see sécfion
2 Narrowing of the renal artery leading to renal hypoxia and consequently incneasedelease andAng 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 diffaresendocrineystems as the
sympathetic nervous system (SNS) andrém@ri angiotensin systerfRAS). From left to right kidneys, heart, immune system,
brain, baroreceptors, vasculature and adrenal gledepresented. This illustration was creatdBi@Render.com.

Hypertension is characterized by chronically elevated baseline BP levels. iddssent
hypertension, also known as primary hypertension, is the most common form of hypertension
diagnosed, affecting around-88% of the hypertensive population. The main feature of essential
hypertension is the fact that there is no evident cause. Thenieghaases of hypertension are
classified as secondary hypertension in which a known factor causes hypertension as renal artery
stenosis,adrenal adenomaCushing'ssyndrome and single gene mutatior§, 7). The socie
medical relevance of hypertension is of great interestndatecentclinical data and recent
guidelinesfor hypertension identification antianagemeninto accountbetween 1/3 to 1/»f
the adult worldpopulation is estimated to be hypertens(@10). In addition, hypertension
prevalence grew in the last decades espediallpw income countriegll, 12) Associated to
environmental and enetic predisposition primary hypertension is a major risk factor for the
development of cardiovascular diseases such as heart faidrarteriosclerosisas well as
stroke, dementiaand renaldisease (8, 11, 13) Currently a major problem in hypertension
management worldwide is that half of the treated patients present ufiedntrgpertension also

known as resistant hypertension despite the lamgmber of drugs availableto lower BP.
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Therefore, innovative therapies are needed to manage BP levels in hypertensive patients with
uncontrolled BR10, 14)

Given that hypertension is a chronic condition, the nuistious treatment would be
targeting the major lonterm BP regulator. There have been many debates in the scientific
literature surrounding this topin the last decade3he classic model developed by Guyton and
Coleman that places the kidney in a cahposition regulatingdP via blood volume was widely
accepted until recently. In this model, a pressure natriuresis curve was described, BP essentially
increases renal perfusion pressuamd sodium and water excretion driving blood volume
depletion to pevent 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 voluméls). In the last two decades, the Guyton and Coleman model has been
challenged, and the sympathetic nervous systdd8)Svith its ability to connect virtually all
visceral organs emerged as a major organ systgygrating the shotterm and longterm BP
control (3, 16 19). Moreover, essential hypertension patients usually present increased muscle
SNA, which is tle largest vascular bed in the body therefore significantly contributing to baseline
BP. Interestingly, exaggerated SNA is found beflaypertension development in humans with
high likelihood to beome hypertensive(20i 23). Sympathetically driven hypertension is
supported by several recent studies in humans and preclimocidls,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 hypertensionight be attributed to the high BP levels triggered by increased
SNA supporting that volume depletion during hypertension mighttheeconsequence of
increased renal excretion due to high@P, 24)

1.2 The autonomic nervous system

The autoomic nervous system is a selbverning system involved in homeostasis adjustment
and adaptation to changm the environment Among physiologicafunctions under autonomic
influenceareBP, digestion, body tempenat, minerabalance andespiration.Two distinctarms
composéhe autonomisystemthe SNS andhe parasympathetic nervous system. Classically the

SNS is associated wittight-or-flight response Wile the parasympathetsystemwith rest and
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digest and both are known to override each other during different behavioral states. The
reciprocalactivity among both arms is achieved due to distinct interconnected brainwhidbi
areresponsible for gypathetic and parasympathetic efferent outflow. The neuronal populations
within autonomic centers are subjected to direct modulation by factors as Ang Il and sodium but

also finetuned by peripheral sensors (afferent neur(@s25, 26)

1.2.1 The sympathetic nervous system (SNS)

Innervating virtually all organs in the anifsabody, the SNS releases neurotransmitters that
control cellular responses at targeted tissudse most abundant and effector sympathetic
neurotransmitter released is norepinephrine (MMBEYlitionally neuropeptide Y and ATP are-co
released at sympathetierminals. NE is synthesized within neurons from the amino acid tyrosine
in threeenzymatic steps: first tyrosine is converted #3,6-Dihydroxyphenylalanine {iDOPA)

by tyrosine hydroxylase that is also the rate limiting enzyme, second DOPA decarboxylase
converts EDOPA in dopamine, and finally dopamine is transported into synaptic vesicles where
dopamineb-hydroxylase synthetizes NE from dopam{@&). After NE release by prejunctional
neurons, eound 90% of the NE is reuptakento the presynaptic neuron, around 5% binds to
receptors on cells aftarget organ and is internalized and degraded, the remaining NE is readily
degraded at the extratular space. At targeted tissues, NE binds to two major classes of
receptorsU ancdonbt ai ni ng 9 di,f &lelslklalt 2s2ab2by p@s ©68) ,
these are al/l G protein coupl e decept@sareplsoor s

expressea@t presynaptic neurons serving as autoreceptors inhibiting the relégBS€281 30).

At an organizational level, the SNS is compos¥dpresympathetic neuronsmainly
originating from two brain areathe paraventricular nucleus of the hypo#tmalis (PVN) and the
rostro ventrolateral medulla (RVLMJocated in the hypothalamus and brainstem, respectively.
Importantly, there are several brain nuclei projecting and modulating the activity of the two areas
mentioned including th@&ucleustractus solitarii NTS), the subfornical organ (SFO) anithe
organum vasculosum of the lamina termin&@&/LT) (Figure4). The PVN and RVLM neurons
project tospinal ympathetic preganglionic neuroas the ntermediolateral cell column (IML)
which synapses in peripheral sympathetic ganglia releasing mostly acetylcholine. Acetylcholine
stimulates nicotinic receptorson postganglionic neurons thatre the neurons effeately

innervating peripheral organg3, 31, 32)(Figure 2). Paipheral reflexes are sensed by afferent
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neuronal projections of neurons located in the spinal abtide dorsal rootganglia Ultimately

the signalreacheghe NTSthe main nucleus of the brainstem integrating visceral inputs that in
the end lead to dovstream efferent resporssby modulating RVLM neuronal activityF{gure

2). The NTS projects directly to the RVLM or via the CVLM which contains mostly inhibitory
neurons. Ang limodulates SNA binding tangiotensin typel and type 2 receptoré\{1 and
AT?2) receptos thatare expressed by neuransall mentionechuclei(Figure4) (33, 34)

Stress

' Sympathetic
' " efferents
/

Renin
- Aortic ¥,

~baroreceptors S
' - Q
/

Cardiac
afferents L

Renal afferents \ Renal efferents
@ N

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 neurtas innerva
peripheral organs as the ones controllingdicvascular homeostasis. SNS activity is modualdig 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 tataiai BP homeostasis. NE = norepinephrine, EPI = epinephrine.

Modified from Victor, 201535).
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1.2.2 SNS BP control and a target for hypertension treatment

The cardiovascular meeostasis is well known to be modulatediiySNS as it is seen as
the most relevant system integrating BP control. SNA directly and indirectly affects the cardiac
output and total peripheral resistandée sympathetic contradver the baselin®P levels is
achievedat different organs including the hedidneys, adrenal medulénd vasculaturé={gure
2). NE bindingtob 1 a dr e n e r igdreasesr HR ardgrdiomyosyte constrictiorin the
kidney, renal nerves innervate generahyeedistinct structuregvasculaturgrenal tubule and
juxtaglomerular apparatus) with well described functidrge enal vasculatures constricted by
sympatheticstimulationincreasingrenalvascularresistanceprovoking a reductiom glomerular
filtration rate tubule cells stimulated by the SN&bsorb more water andodium and
juxtaglomerular cellstimulationcontrol expression andecretionof Renin (Ren)16, 36) The
adrenal cortex i component of th8NS that releases epinephrine (80%) and NE (20%) in the
circulation(37). Thebodyvasculature including smooth muscle cells of veins and arteries as well
as pericytes from capillaries are innervated by the SNS and congpact NE release.
Importantly, different peripheral target amgps and vascular beds are innervated by distinct
branches of the SNS making a branch specific activation or deactiyatssibledepending on
local demand. A classic example is the role of differential SNA during exercise to improve

muscle blood flow andxygenation(3, 38)

Peripgheral sensorsletectBP, blood volume and blood gas composition to adjust SNA
outflow accordingly aiming to regulateperfusion and BPLocated at the carotid sinusdke
baroreceptorsense pressure and are mostly responsible for bufferingtehorichages in BP
by altering SNA and HR accordingly. Volume sensitive mechanoreceptors in the heart and lung
respond to changes in bloastlume andadjust vascular SNA. Carotidody chemoreceptors
sense hypoxia and are key for blood gas homeostasis triggespigatery changes but also
modulatingvascular SNA(10, 26, 30) Other key sensarare therenal affererg with mechane
andchemo sensitive receptors that modulateenal SNA Normally activation of the renal
afferent suppresses ren&@NA in processknown as therencrenalreflex. Importantly during
renal pathologies the renenalreflex might operateinversely and additionally overstimulate
vascular SNA Figure 2). At eachcardiaccycle BP is sensed byhe baroreceptors strongly

rebounding pressor and depressor variations therefore keepingeshorBP levels constant.
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However, the baroreceptors aneable to control the lonterm BP levels becauskeir neuronal
firing activity resets to a new BP sgbint e.gduring hypertensiomhenlong-term baseline BP
changes to a new level. On the other sideng<$NA has been attributed as the major factor
controlling the longterm BP levels. Several locally produced substances or circulating
substances modulate the activity of neuronal populations critical faongeSNA control

includingsodium, leptin and Ang (130, 39, 40)

The first successful therapies to lower BP in hypertensive patients were developed in the
1940s andargeted the SNS. Either chemically or surgically, theserventions lowered the
overall SNA across the body leading to BP reduction but also several side ¢ff2rts
Nowadays, the understanding of the mechanisms behind SNA control in physiology and
pathophysiology grewDifferent manifestations of hypertensias thoseassociated to high salt
intake or obesity displaglistinctly alteredpatterns of SNAbranchdistribution often referred as
sympathetic signaturé47, 39, 41) Therefore, specific synaphetic 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 witiredrsignt
hypertension. The benefits are not ftdly described but the abovaentioned renal mechanisms
modulated by SNA ar@otentially involved as those triggered by pathological afferent nerve
activation Other therapies include chronic baroreceptor stimulation, and carotid body ablation
which ulimately will reduce SNA especially to the vasculatleadingto 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 rémetracts when injecting in recipient animédgl). Because of the

renal origin this component was named renin (Ren). Decades later in the HaB89oldblatt

proved that BP increaselsie to Ren secretion upon renal arterial blood flow restriction in dogs
based on observations from autopsied patients who died from fulminant hyperi@#&giorhe

notion that Ren forms a vasoactive substance by interacting with somedelioeed protein was
discoveedin parallel by two different groups of Irvine Page and Braun Menendez in 1939 and

1940, respectively. The formed unknown substance was nagpedtensin and angiotoniny
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the different groups that | a t(46)r Shaatly aftereidwaso n  a
discovered that two angiotensin peptides exist in the circulation (Ang | and Afigute3), and
that Ang | is inactive, but it is converted in circulation to the active peptide Adg)!

In the last three decades, it becartear that the RAS is comprised wdriouspeptides
with specific receptors acting on the cardiovascular syskigure 3). Thesenewly discovered
peptides are in mostf the cases classified as protective peptides of the RAS, essentially having
antagonistic effectsnthose elicited by Ang Il, except Ang Il which has a similar affinity for the
AT1 and AT2 receptor as Ang (8, 49) Perhaps the most expressive exangleng 1-7 which
is a degradation product of Ang Il produced by at least three distinct enzymes including
angiotensin converting enzyme 2 (ACEZ2). Later, ACE2 was characterized to have other
physiological roles beyond Ang Il metabolism including gut tryptopuptake as well as being
the viral entry receptor fOBARSCoV and SARSCoV-2 (50). A current overview of all RAS
peptides, receptorpathwaysandphysiological relevance displayed inFigure3.

1.3.1 Classical RAS

Over 100 years after the initial postutet 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 Reangimtensin
converting enzyme (ACHJFigure3). 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 @roenzymeby renal pxtaglomerular 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 tireulation,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), occurringfor example during acute bleedifgl). During renal development,

Ren positive cells are abundant and give origin to smooth muscle cells of afferent arteriole,
arterioles and arteriesIf homeostasis ishreat in adult life, e.g dehydration and hypotension
smooth muscle cells of the renal vascular teteansforminto Renexpressingeells 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 pathwaiggering 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 ticelation after losing its signal peptide
(52, 53) The only known substrate for Ren is Agt, the reaction results in the production of Ang |
thatcompriesthe 10 intial amino acids of the Merminal sequencef Agt. Ang | is an inactive
peptide that is cleaved at itst€rminal portion by ACHo form the potent octapeptide Ang Il.
Ang |l formation mostly takes place in the pulmonary circulation because the transraeenb
enzyme ACE is abundantly expressed by lung endothelial(88)J¢Figure 3.

The octapeptideAng Il directly or indirectly regulates adiovascular function and
hydromineralbalance via its receptothat areexpressed at atardiovascular relevant organs.
Ang Il binds toAT1 and ATZ2receptors that are coupled primarily tgi@andG; respectively.
Most of the physiological effects &fng Il are mediated via the Ang II/AT1 axi¥he AT2
receptor generally has antagonistic effects, and it is included in the protective arm of the RAS
(33) (Figure 3. In addition to thes-proteinsignal, the Ang II/AT1 axis is recognized to activate
several G-protein independent pathways includingitogenractivated protein kinasand b-
arrestin dependent signaling8). Ang Il signaling seems to be important during embryonic
development, a wellocumented example is the role of the All@T1 receptor during renal
development54). Importantly, rodents have two isoforms of the AT1 receptor AT1la and AT1b
encoded by the geneAgtrla and Agtrlb respectively.However, the ATla is the most

abundantly expressed and relevaneptor for cardiovascular contr(32).

3 CREB =cAMP response&lementbinding 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 giroduction
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 tharmorical (protective arm, counteracts the effects

of Ang I1). Mixed color indicates peptides with both effects). Amino acid sequence of the Agt and RAS peptides. Angiotensin

converting enzyme = ACE and Ren cleaving site are showed by the blue arrows. Ang = angig@nsinaspartate
decarboxylaseADH = antidiuretic hormoneAVP, APA = aminopeptidase AAPN = aminopeptidase MEP = neprilysin PEP
= prolylendopeptidasédPRCP =prolylcarboxypeptidase’HOP = thimet oligopeptidaseModified from Bekassyet al. 2021(55).
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1.3.2 Tissue RAS

Besides the classical RAS forming Ang Il in thecelation, the presence of local RAS systems
has been described in diverse cardiovascular tissues. This concept started with the studies from
Detlev Ganten thalemonstratedRenlike activity and angiotensin peptides formation in tissues
including the bran (56i 58). RAS components are either expressed in tissues or imported from
the circulation to locally formangiotensin peptide&33, 59, 60) Ren, Agt and ACE infiltrate
tissues. Endothelial ACE might sbeddedrom the cell membrane and retain reduced enzymatic
activity to metabolize Ang | to Ang Il. The functional production of angiotensin peptides in
different organs of th cardiovascular system is supported by elegamties on animal model

that demonstrated cardiovascular responses to Idesdues specifilRAS ablation or
overexpressiof6li 65). In addition, the benefits of RAS blockeas a treatment for hypertension

is suggested to kdue to local tissue RAS suppress(66). This ideawvasstrengtheneth a study

that demonstrated BP reductionspontaneously hypertensive rats treated with a specific SIRNA
againstliver Agt. The treatment reduceigsue Agt and Ang Il whileirculatingAgt levels were
reduced but not Ang Il leveldy Ren compensatory mechanisms), showing a key role of tissue
Ang Il and circulatiig Agt to infiltrate tissues and locally form Ang Il which is relevant B

homeostasi(67).

1.3.3 Brain RAS

Different from all peripheral organs, the brain is isolated from most of the circulating substances
by the bloodbrainbarrier (BBB). RAScomponents do not crosee BBB including Ang I,
exceptin pathological conditionsuchas hypertensionvhere Ang Il penetrates the BBB. Brain

Ang 1l is recognized to modulatSNA, argininevasopressin(AVP) release thirst and salt
appetite. These responses are comptmsideringhat Ang 1l receptors are expressed in most of

the cardiovaadar nuclei mediating the physiological respons#dst neuronal nuclei modulate

each otheby sending projectionsHgure 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 formatid68). These areas are important peripheral sensors

of the brain. Thirst, salt appetite and AVP as well as SNA are triggered by-liooe Ang I
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binding to AT1 receptors at the SFO and OVL(Figure 4). In addition, other brain nuclei
protected by the BBBncluding the PVN and RVLMexpress AT1 and AT2 receptors and are
known to control AVP release and SNAigure 4). Anotherwell characterized cardiovascular
center within the BBB is th&lTS where Ang limodulateghe baroreflex functionThus local
actions of Ang Il on these areast accessible to bloelsorne Ang llare presumablfrom locally
formed Ang llwhen the BBB is intad33, 69, 70)Figure4).

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

— Physiological effects

owr /|
/
/ / Y
/ —
PVN — -
s \ N0
/ SON ] o
/ Pituitary | _\“»\
4 ! Revimys \\\
Thirst AVP release \ Sympathetic output

Baroreflex

Figure 4 - Schematic representation of cardiovascular brain nuclei responsive to Ang II.

There brain nuclei marked in red are accessible to circulating Ang her@irain areas marked in blue are within the BBB
therefore brairborne Ang Il acts on these neuronal populations. SEG@bfornical organPVN = paraventricular nucley®VLM
=rostral ventrolateral medull€VLM = caudalventrolateral medullaNTS = rucleustractussolitarii, SON = supraoptioucleus
OVLT = organum vasculosum of the lamina terminad¥P = arginine vasopressin. Modified from: Bader, 2(33).

The RAS precursor protein Agt is an abundant protein produced and senpettygl by
astrocyteg~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 PR8Y In vivo
experiments support@E 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 whieh iairease
in BP and thirst, antheseresponses are blocked by ACE or AT1 blockers. Amgdeptors are
expressed predominantly by neurons, some studies using techniques as immunofluorescence
demonstrated Ang Il receptors on glial cells. Howeiresitu hybridization and repogt mouse
lines showed neuronal exclusive expression of ATla and Adcptors, and normally the

expression of thdifferentreceptorsubtypesioes not overlapr4, 75)

-28-



Introduction

In rats, brain Ren activity represents onl$% of the plasma activity. However, if the
rats are prior peried,a 60%reductionin brain Ren activityis observedneaning that most of
t he fMeraxitn vi tyo meas wuerieed RenAnotrerclevel af lcompléxity asd
that brain Ren is expressed by neuroirs these neurona 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 cy@@plasm
78). The remaining extreme low amount of secreted Rgmesentonly ~2% and must be
activated by yet unknown mechanisms. One canditiattewasproposed to solve this puzzle is
the prorenin recapr. 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 noenzymatic activation of Ren, rearranging the 43 amino acid prosegneeeibyh
exposing the catalytic sitéigure3). However, the binding affinity seems to to® low toeven
activate the high levels of Ren in the circwat{79). Thus, researchers astarting toabandon

this concept while thbrain Ang Il formation remains controversial.

1.3.4 RAS, BP control and a target for hypertension treatment

The RASwith its powerful peptide hormone Angill a major system controlling BP and water
balance. Ang Il stimulates blood volume increase directhyhbgttand 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 stimatés sodium reabsorption by the kidneys. In addition, Ang I
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 Il, and SNA
modulation. Amg II/AT1 axis has been associated to emgan damage with the potential to
contribute to hypertension. These dansaggusé by Ang Il include several organs controlling

BP, cardiac hypertrophy, vascular dysfunction, baroreceptor signal dumping and ircellune
activation.Reactive oxygen species formation, inflammation, and fibrosis aoagthe cellular

mechanism of the pathology trigger@&d 33)
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CurrentlyRAS 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 gia 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 introducedequentially(8, 80) AT1 and ACE blockers are the most prescribed
RAS blockersand some of these drugs as candesartan and lisinopril penetrate the BBB
potentially blocking brain AT1 receptors and brain ACE activity, respectif®\s blockersare
largely prescribed due to its efficacy in view that Ang Il modulates BP at different oilgans
comparison to SNS blockeas UL blockers blocking the RAS reactivithasreportedlylessside
effects(81, 82)

1.4 Interaction between RAS and SNS

RAS and SNS modulate a ¢ h  @ttiWite Mieeis evidencethat Ang Il does not dn
modulate SNA at the braimevel, but alsoin the spinal cord, sympathetic ganglia, and
postganglionic neurons. Prejunctional neurons express AT1 receptors and Ang Il fadilEate
containing vesicles release via membrane depolarizaidn 35, 83, 84) Also, Ang I
contributes to the release gpinephrine andE from the adrenal medulla. Another wkliown
interaction node is the renal sympathetic modulation of the RASlimditeng enzyme Ren
expression and release in the kidney. Retontrolled byN E  v-adeenefgic receptor binding
which is coupled to Gs that triggers the production of cAafid therebyRen expression and
releasg36).

1.5 Vascular tone and BP control

Arteries are essentially constituted of three layers fiimeinside out: endothelial cells, smooth
muscle, and adventitidBlood vessels are composed of several layersmafosh musa cells
Smooth muscle cellare capabldo constrict and relax in response to neurohumoral factor
modulating the vascular caliber thafflirencesperipheral resistance and ultimately BP. The
vasculartone ofa blood vessel is the relative constrictioneleof the maximal dilated capacity of
this vessel. Several substansegh as Ang Il, NE, AVP, endothelih serotonin, bradykinin,
neuropeptide Y, ATP and many othexs locally on vascular smooth muscle cells anddulate

the vascular tone. Vasoactivabstances 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
vesiculr content. Because the SNS has a brapeltific activity the vascular adrenergic tone is

a very important system to control local blood flow and redistribute blood throughout the body
(27, B).

Vasoconstrictors and vasorelaxants usually act on vascular smooth muscle receptors
recruiting different intracellular pathways. These intracellular pathwaydulatethe levels of
cytoplasmatiacalciumby extracellular calcium entry or release from theogasmic reticulum
reservoir. Calcium isssentialto trigger vasoconstriction by forminghe calciumcalmodulin
complex whichleads tomyosin lightchain kinase activation. Active myosin ligthain kinase
fosters the interactioetweenmyosin and actinby phosphorylation of myosimesulting in
vasoconstriction. In addition, vasoactive substanoay trigger vasoconstriction via calcium
independent mechanism involving RhoA/ROCK kinase pathway which directly or indirectly

inhibits myosin light chain phosphatase actiyg&p, 86)

The monolayer of endothelial cells play an important role modujaghe vascular tone
The smooth muscle contractile machinery is modulatedniolptheliumderived relaxing factors
including NO, prostaglandinsand exdotheliumderivedhyperpolarizingfactor The vasorelaxant
properties of NCare the most studietNO is produced from the amino aciddrginine by three
distinctNO synthasesendothelial cells have a specific isoform termed endothHeasynthase.
NO production is stimulated by several substances binding to endothelial receptors including Ang
II, NE, endohelin-1, acetylcholine as well as shear stress that acti@esynthase without a
ligand. Calciumcalmodulin dependent mechanisargivatealso endothelialNO syntase(87).
NO easily diffuses across cell membranes and causes vasodilation acting within smooth muscle
cells. NO binds and activatessoluble guanylyl cyclase triggeringyclic guanome
monophosphatgdcGMP) 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 act{@&jon
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1.6 The blood and hematopoieses

The bloodis an essential medithat connects allorgans in the body by transporting
hormones, nutrients, metabolic waste and gaseshas Q and .. Additional functions of the
blood for homeostasigegulation includes the pH control in coperation 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 includimgd 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% arudhie~10%are organic and

inorganic sibstancessuchas proteins and ior{89, 90)

Among the cellulaelementsof the blood, RBC also called erythrocytes comprise around
99% of all circulating cellular mas$heir main function is to make the gas exchange between the
lungs and other tissues. Hematopoiefines the process of formation of all blood cell types
including erythrocytes. Hematopoietic stem £€HSC) give origin to all blood cellsand have
the capacityto selfrenew Therefore, heblood has a highly regenerative capability because HSC
constantlyrenew theblood's cellular component across the entire-bfgan(91, 92) The bone
marrow has specific microenvironments named rdetigere HSCamplify and differentiateTo
assure homeostatic sednewal and production of all blood cells, HSC activity is regulated by
gene expression, metatswh, as well as localpfoducedby niche cells including macrophages

and endothelial cells) or external neurohumoral modul§8@)»s
1.7 Erythropoiesis

Erythrocytes have a life cycle of ~120 days in humans and ~40 daysetherefore thee cells

are constantly renewed in a procdsswn aserythropoiesis(93). There are twadkinds of
erythropoiesis during life, primitive and definitive, during fetal development and adult life,
respectivelyFetal erythropoiesis involves RBC production by the liver and spkeethe animal
grows erythropoiesis is transfed to the bone marrow during adult literythropoiesis might be
transferred back to spleen and liveradulthoodduring certain pathological conditiors insults
suchas anemig94). In the adult bonenarrow, erythropoiesis starts with hematopoietic cell

lineagecommitrent of pluripotent myeloid progenitor cells, these differentiate into erythroid

-32-



Introduction

progenitorsprecursaos, and finally into RBC(Figure5). Each process of cellular differentiation

is controlled by changes in gene expression patthat are tightly controlledby the action of
several cytokines including erythropoietin, iroand oxygen levelsamong others (95, 96)
Progenitor cells (BFLE, burstforming unit erythroid and CFU-E, colonyforming unit
erythroid areclassifiedbased on the properties of these cell types in producing erythroid cells in
culture. Erythroid precursors form and developurerythroblast island whicls surrounded by a
central macropage. It plays akey role during the differentiation stepsnd at the end it

phagocytes the extruded nucleus during enucleated RBC formiiiume5) (96).

Progenitors — Erythroblast Precursors —— RBCs

bone marrow Circulation
HSC Retic. gy RBC
N\ BFU-E — CFU-E — == ®

|

Erythropoietin Iron

Figure 5 - Overview of the bone marrow erythropoiesis.

Dynamic process of differentiation of hematopoietiem cell (HSC) to red blood cell (RBC) starting in the bone marrow and
finishing in the circulation. HSC gives origin to erythroid progenitors (HFE burst forming unit and CF8 = colony forming
unit). Erythropoietin promotes survival and proliferatiof CFUE. Erythroid precursor development based on distinct
morphological features as progressive size decrease and nuclear condensatmhiliB erythroblast§BasoE) express the
transferrin receptor. @ochromaticerythroblastgOrthoBE divides irto two cells, one with a condensed nucleus pyrenocyte and
another enucleated reticulocyte (Retic) that will maturate in RBC in the circulation. MAC = macrdplaitre proerythroblasts,
PolyE = polychromatophilic erythroblastModified from Palis, 201%96).

Erythropoietin and iron are major factors required fphysiological baseline
erythropoiesis. The production of erythropoietin takes place primarily in renal cortical fibroblasts,
and the majorstimulus controlling erythropoietin expressida the reduction ofrenal oxygen
levels During hypoxia, HF-2 Uncreases erythropoietin expression to increase erythropoiesis.
Erythropoietin acts as an antiapoptotic factor binding to its recepgoressedy progenitor
cells.Erythroid progenitor proliferation and differentiatiane stimulated by erythropoietithus
favoring erythropoiesigFigure 5). Moreover, the kackout of erythropoietin and erythropoietin
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receptor are incompatible witfe leadingto deathduring gestational developmeit mice,
highlighting the essential role of treéeementfor RBC productior(97, 98)

The iron cation contained in the heme groafphemoglobinis the core component
because ibindsto oxygenmoleculedo betransported by RB@ the circulationThe circulating
iron concentrationduring erythropoiesigs a critical direct determinantfor the synthesis of
hemoglobin. The ferritin receptor is expressedbbgophilic erythroblastand internalizesron
making it available for the synthesis of the heme group during this erythropoieti(©6{e38)
(Figureb).

1.7.1 Iron homeostasis

Iron is an essential metal for cellulamnctions;however, the body iron homeostasis needs to be
tightly conrolled because iron excesss very toxic Circulating or intracellularly stodsiron is
majorly (~98%) bound to proteinbecausdree ironhasredox properties producing free radicals

by Fenton reactianinsufficient iron is related to anemia developmerhile iron excess is
associated with iron accumulatiomtissuesand organ damage. The body balance of iron levels
involves different cell types including gut enterocytes, erythrocyteacrophages,and
hepatocytes, most of these cells import, store and export iron. Iron uptake takes place mostly in
the duodenum angroximal jejunum by enterocytes expressing thealent metal transporter 1
(DMT1) and ferroportinthat uptakes iron from the intestinal lumen and expitrtinto the
circulation, respectivelyln the gut lumen F& is enzymatically reduced to Fethat entes
enterocytes andinds toferritin or goes intothe blood streamria ferroportin. In the circulation,

iron is oxidized to F& and carried by transferrin, anspecific transferrin receptorare
indispensabldo deliver iron to different cell types by rgiter mediated endocytosisVithin
endosomes iron is released from transferrin, reduced’tmRe enters the cytoplasm \MT1.
Cytoplasmic iron either binds to ferritin for storage or is exported to the blood stream by
ferroportinclosing the cycl€99i 101)

During physiological conditionsiost of the iron conteni the organismis recycled from
senescent RBC that are phagosgt by spleen and liver resident macrophages. These resident
macrophges express heme oxygenase which degrades the heme giloefeasedree ironthat
moves intathe circulation foreuse Only around 5L0% of the iron is absorbed by enterocytes to
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compensate daily body iron loss. The iron absorption process is cahtrudigtly by a peptide
hormone expressed by the liver named hepcidin. Hepcidin modulates iron uptake binding to
ferroportinforcing the internalization of the iron exporter. Hepcidadditionally, inhibits organ

stored iron release leading to tissue irarcuemulation in conditions of iron overload. The
transcriptional regulation of hepcidin is dictated by circulating and tissueameentrations it

are sensedy liver sinusoidal endothelial cell$ligh levels of ironnducethese endothelial cells

to rdease ligands that activate hepatocyte hepcidin expression. In addition, inflammatory
cytokines as interleuki6 directly control hepcidin expressidny binding to hepatocyte€l00,

102).

1.7.2 SNS and erythropoiesis

The bone and @ marrowareinnervated by the autonomous system. Sympathetic nerves enter
the bone via theutrient foramerand sympathetic terminals are found in close proximity with the
bone marrow nich€103). A well characterized role of the SNS is the modulation of the HSC
niche, where SNA is recognized to mobilize HSC friln®@ bone marrow intthe circulation in a
circadian fashiorhat relies on the circadian patternSM¥A. The mobilization of HSC is key to
replacetissuesresident immune cells, and during immune modulatory responses to (@jry

Not only HSC but also pgenitors 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 tiiche. 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 mostylikkffers depending on
homeostatic conditions. Clinical evidence points to a certain role of the SNS in baseline
erythropoiesis because patients with autonomic fai{umpaired SNA)develop anemia. This
effect can be reproduced in rodesihjected tgeripheral blation of the SN$104, 105)

1.7.3 RAS and erythropoiesis

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

precursor cells are Rexpressing cells during embryonic developtneExtreme examples

-35-



Introduction

involving gene manipulation in rodents leadingHtF-2 Caccumulation led to erythropoietin
production in Ren cells. The opposite has also been observed during anemia, fibroblast normally
producing erythropoietimay start to produce & (36). Interestingly, precursasells expressing
Ren are not exclusive to theney,but theywerefoundacross thdody. There ardissuesvhere
the Ren expression is restricted to embryonic developnagict there ardissuesin which
precursors are expressed in adulthteebe includéoone marrowandspleen.Bone marrow Ren
positive cells are precursors Bflymphocytes.n the bone marrownot only Ren bugll genes
encodingproteins ofthe classical RAS were identifieid different stromal cell typeshus,
angiotensin peptides might be locally formed oramied from the circulationfThe AT1 receptor
expression has been identified HSC progenit expressing CD34as well aserythroid
progenitos (106, 107)

There have been associations between the RAS and erythropoiesis. Most of the
knowledgeoriginatedin clinical observations from patients treated with RAS blockers. Some of
these patients develop anemia during a {tamgn RAS blockade. These findings have been
further studied in knockout mouse models @&nirned out thathe Ang II/AT1 axis influences
erythropoiesis(108). In addition, either hypertensive patients with increased cirdnlgtRAS
often estimated by plasma Ren activitypoeclinical models of hypertension chronically infused
with Ang Il presentan increased hematocrit. The mechanism whereby Ang Il increases
erythropoiesiss not yet precisely dissected. Mechanisms suggegierhting via the Ang II/AT1
axis include erythropoietin expression and secretion by activation of the transcription faetor Egr
1 at erythropoietin positive renal fibroblasts. Anothesposedmechanism is that Ang Il acts on
bone marrow erythroid precunscellsasa growth factor similarly to erythropoietin stimulating
growthand differentiatior(109, 110)
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2 Aims of the study

Primary hypertension characterized by chronic elevation ofMBP 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 therapidsetd hypertension. However, global
SNA inhibition leads to unwanted side effects #mel regulation ofts branchspecific activation

is very complex and incompléye understood. Therefore, the major aim of this work goes
towards further understanding tmeodulatory effects of the RAS on SNA relevant for BP
control, especially focusing on the role of braiorne Ang Il using gain and loss of function

rodentmodels.

2.1 Specific aims

1 Confirm and understand the brain pathway(s) of Ang Il productisimg a novel
transgenic mouse model witinain specifiancreased Agsynthesis

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

1 Implementa genomevide-associatiorstudy (GWAS) to undersand themolecular basis
of theunexpected BPhenotypen FVB/N mice lacking Agt globallfAgt-KO).

1 Evaluate the impact of gain and loss of functiornthe RAS on erythropoiesis, with a
special focus on the role of bramrneAng II.

1 Use CRBPR/Cas9 to gnerate novel channelrhodopsihknockin rats to study the
sympathetic control of BP exerted Imgurons expressinthe 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 ladgourchased buffers and
solutions Table 1). Buffers and solutiosthat were preparedre included in the respective
methodologysections If not indicated bffers and solutiorwere preparednd/or dilutedwith

ultrapure water(Milli -Q). The desired pH was adjusted ustgH meter andNaOH or HCI

solutions

Table 1 - Chemical and reagents.

Chemical or reagent

Manufacturer (location, country)

2-methylbutandisopentane)

Acetic acid glacial

Acrylamide and bisacrylamide stock solution Rotiphorese® Gel 30 (37,5

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 (ll) sulfate solution
D(+)-Saccharose
Deoxyribonucleotide (ANTP)
Diethylpyrocarbonate (DEPC)
Dimethyl sulfoxide (DMSO)
Disodium phosphate (NP Q)

Eosin Y solution

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Biozym (Oldendorf, Germany)
IDT (Newark USA)
SigmaAldrich (St. Louis, USA)

Serva (Heidelberg, Germany) or

Life Technologies (Carlsbad, USA)

SigmaAldrich (St. Louis, USA)
SigmaAldrich (St. Louis, USA)
SigmaAldrich (St. Louis,USA)
SigmaAldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
Roche (Basel, Schweiz)
SigmaAldrich (St. Louis, USA)
Carl Roth (Karlsruhe, Germany)
Bioline (London, UK)

Serva (Heidelberg, Germany)
SigmaAldrich (St. Louis, USA)
SigmaAldrich (St. Louis, USA)

SigmaAldrich (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 Sodium5.000 U/mL
Hydrochloric acid 37% (HCI)
Isopropanol

LB-Agar (Luria/Miller)

LB-Medium (Luria/Miller)

Methanol

MicroAmp Optical Adhesive Film
Normal donkey serum

Nucleasédree wder

Odyssey® Blocking Buffer

Odyssey® twecolor protein molecular weight marker

Paraffin

Paraformaldehyde Solution (PFA6 buffered
Phenol

Phosphatase inhibitor cocktail tablghosStop
Phosphate buffered saline (PBS)

Picric acid solution1.3%

Ponceau S

Potassium Acetate

Potassium chloride (KCI)

Potassium dihydrogenphosphate (KH2PO4)
Procaine hyrbchloridesolution,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)
SigmaAldrich (St. Louis, USA)

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

Carl Roth (Karlsruhe, Germany)
SigmaAldrich (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 Gro
USA)

Promega (Fitchburg, USA)
LI-COR Bioscience (Lincoln, USA)
LI-COR Bioscience (Lincoln, USA)
Carl Roth (Karlsruhe, Germany)
Otto Fischar (Saarbriicken, Germany)
SigmaAldrich (St. Louis, USA)
Roche (Basel, Schweiz)
SigmaAldrich (St. Louis, USA)
Applichem (Darmstadt, Germany)
SigmaAldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
SigmaAldrich (St. Louis, USA)

Merck (Darmstadt, Germany)

Steigerwald Arzneimittelwerk (Darmstadt,
Germany)

Promega (Fitchburg, USA)

LI-COR Bioscience (Lincoln, USA)

Cell Signaling Technology (Danvers, USA)
SigmaAldrich (St. Louis, USA)

Promega (Fitchburg, USA)

-39-



Material and methods

Chemical or reagent

Manufacturer (location, country)

Roti-load 1 protein loading buffer
Rotiphorese TAE Buffer50x

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)
Tetramethylethylenediamin@ EMED)
TisssieTek E OCTE Compound
Tris(hydroxymethyl)aminomethane

Triton X-100

Trizol® (Invitrogen)

Tween20

Vectashield® Mounting Medium with DAPI
Xylene

b-Mercaptoethanol

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
SigmaAldrich (St. Louis, USA)
SigmaAldrich (St. Louis, USA)
SigmaAldrich (St. Louis, USA)
SigmaAldrich (St. Louis, USA)

Merck (Darmstadt, Germany)
SigmaAldrich (St. Louis, USA)

Serva (Heidelberg, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Sakura (Staufen, Germany)

Carl Roth (Karlsruhe, Germany)
SigmaAldrich (St. Louis, USA)

Thermo Fisher Scientific (Waltham, USA)
SigmaAldrich (St.Louis, USA)

Vector Laboratories (Burlingame, USA)
Carl Roth (Karlsruhe, Germany)
SigmaAldrich (St. Louis, USA)

3.1.2 Drugs administeredin vivo

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

Substance (injected intravenously)

Manufacturer (location, country)

Company reference

Angiotensin Il acetate s&lng Il) Bachem (Bubendorf, Switzerland) 05-23-0101
CV 11974 (Candesartan) Tocris (Bristol, UK) 4791/10
Dexmedetomidinéydrochloride Tocris (Bristol, UK) 2749
Endothelinl Tocris (Bristol, UK) 1160
Hexamethonium bromide SigmaAldrich (St. Louis, USA) HO0879
Nifedipine Tocris(Bristol, UK) 1075

N ¥Nitro-L-arginine methyl ester hydrochloride-NIAME) SigmaAldrich (St. Louis, USA) N5751
Phenylephrine SigmaAldrich (St. Louis, USA) P1250000
Prazosin hydrochloride Tocris (Bristol, UK) 0623
Sodium nitroprussiddihydrate (SNP) SigmaAldrich (St. Louis, USA) 71778
Tyramine SigmaAldrich (St. Louis, USA) T90344
Y-27632 dihydrochloride Tocris (Bristol, UK) 1254
Yohimbine hydrochloride SigmaAldrich (St. Louis, USA) Y3125
Substance (injectedntraperitoneally) Manufacturer (location, country) Company reference
6-Hydroxydopamindnydrochloride(6-OHDA) SigmaAldrich (St. Louis, USA) 4006473
Sterile SalingNacCl, 0.9 % B. Braun (Melsungen, Germany) 06063042
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3.1.3 Elisa, kits, molecular weightmarkers and enzymes

Table 3 - Elisa, kits, molecular weight markers and enzymeased in this study

Elisa Manufacturer (location, country)
Human/Mouse/Rat Copeptin EIA Kit RayBiotech (Peachtree Corners, USA)
Norepinephrine ELISA kit (Noradrenaline) LDN (Nordhorn, Germany)

Kits Manufacturer (location, country)
Bicinchoninic Acid (BCA) Protein Assay Kit SigmaAldrich (St. Louis, USA)
GeneJET RNA Purification Kit Thermo Fisher Scientific (Waltham, USA)
GenEluteE Mammalian Genomi c [ SigmaAldrich (St. Louis, USA)
Guideit Long ssDNA Production System Takara (Kyoto, Japan)

Nitrate/Nitrite Colorimetric Assay Kit Cayman (Michigan, USA)
PureYieldE Plasmid Maxiprep £ Promega (Fitchbg; USA)
RNAscope2.5HD Reagent KHRED assay ACD (Newark, USA)

Wizard ® SV Gel and PCR Cledyp System Promega (Fitchburg, USA)

Wizard® HMW DNA Extraction Kit Promega (Fitchburg, USA)

Molecular weight markers Manufacturer (location, country)
Precision plus proteinE st and Bio-Rad Laboratories (Hercules, USA)
Quick-Load®© 1 kb DNA ladder New England Biolabs (Ipswich, USA)
Quick-Load© 100 bp DNA ladder New England Biolabs (Ipswich, USA)
Enzymes Manufacturer (location, country)
Alkaline Phosphatase, Calf Intestinal (CIP) New England Biolabs (Ipswich, USA)
DNase | recombinant Roche (Basel, Schweiz)

GoTag® qPCR Master Mix Promega (Fitchburg, USA)

Moloney Murine Leukemia Virus Reverse TranscriptaseMMV) Promega (Fitchburg, USA)

Phusion® HighFidelity DNA Polymerase New England Biolabs (Ipswich, USA)
Proteinase K Carl Roth (Karlsruhe, Germany)
Restrictionenzymes New England Biolabs (Ipswich, USA)
RNAse A Promega (Fitchburg, USA)

RNasin® Plus RNashibitor: Promega (Fitchburg, USA)
T4-DNA-Ligase Promega (Fitchburg, USA)

T4 Polynucleotide Kinase (T4NK) Promega (Fitchburg, USA)

T7 RNA Polymerase Plus Thermo Fisher Scientific (Waltham, USA)
Tag DNA Polymerase with ThermoPol Buffer New England Biolabs (Ipswich, USA)

3.1.4 Oligonucleotides

All oligonucleotides used for polymerase chain reaction (PCR), reverse transcriptase RCR (RT
PCR), reverse transcriptageantitativePCR (RFgPCR), vectorett® CR,andsingleguide RNA
(sgRNA) production wee purchased from BiotexsmbH (Berlin, Germany. Following
manufacturer instructions, the lyophilized oligonucleotides were resuspended in nfrdease
water to final concentratieo f 1 0 0 o L an8 $toreg a® PC/. For most applications, an

aliquot containng the working concentration was prepared from the stock solution in nuclease
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free water and kept a20 °C. The specific primer sequences usethe different applications are

enclosedvithin 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 (2810) WB PBST/blocking solution (1:100)
USMA Rabbit Novus Biologicals (NBP57436) WB PBST/blocking solution (1:2000)
AVP Rabbit SigmaAldrich (AB1565) IF PBS (11000

GAPDH Rabbit Cell Signaling (2118) WB PBST/blocking solution (1:2000)
GFAP Si;'”ea SySy (L73004) IF PBS (1:500)

IBA-1 Rabbit Waco 016-2000) 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 IgG IRDye®680RD Donkey  LI-COR 02668073 WB PBST (1:10000)
Rabbit IgG IRDye®800CW Donkey  LI-COR 02632213 WB PBST (1:10000)
Guineapig 1gG Alexa Fluor® 488 Donkey Jackson7106:545-148) IF PBS(1:500)
Rabbit I9G Cy EB50 Donkey Jackson111-165152) IF PBS (1:500)

WB = Western blot, IF = immunofluorescence.

3.1.6 Laboratory equipment

Table 6 - Laboratory equipment and expendables.

Instruments, devicesand 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

Fast P24énptriment

Fluorescence microscope 000

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

Sartorius (Géttingen, 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 (lllkirch, France)

Keyence (Netlsenburg, Germany)
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Instruments, devicesand consumables

Manufacturer (location, country)

Gel Imager C200

Gel |l mager Transilluminato
Hematocrit centrifuge

Magnetic stirrer

Micro balance

Microm modular tissue embedding center EG2350

Microm STP 120 spin tissue processor

Microplate Reader Infinite® M200

Microwave 8020

Mini-PROTEAN®gel casting system

NanoDropE 1000 spectrophot
Odyssey® infrared imaging system

pH Meter pH Level 1

Pipetboy

Pipettes

Pipettes

Power Power PacE HC

supply
RealTime PCR System QuantStudio 5
Roller mixer SRT1

Roller mixer SU1400

Rotable platform Polymax 1040

Rotary microtome HM 355 S

Scil Vet abc

SDSPAGE gel electrophoresis chamber
Serological Pipette, disposable

Single channel Transferpette® micropipettes
Stereo microscope MZFLIII

Thermocycler C1000

Thermocycler Master cycler nexus GX2
Thermocycler peqSTAR

Thermomixer 5437

Transblot turbo transfer system

Vacuum pump BVC 21

Azure Biosystems (Dublin, USA)
JIl pha I nnotechA)(San Leandr
Hettich (Kirchlengern, Germany)

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

Thermo Fisher Scientific (Waltham, USA)
Thermo Fisher Scientific (Waltham, USA)
Tecan (Mannedorf, 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 (Lagenfeld, Germany)
Sartorius (Gottingen, 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 (Wetzhar, Germany)

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

Peglab (Erlangen, Germany)

Eppendorf (Hamburg, Germany)

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

Consumables

384well optical plate MicroAmp

96-well clear microplates

Applied Biosystems (Foster City, USA)
R&D Systems (WiesbadeNordenstadt, Germany)
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Instruments, devicesand consumables

Manufacturer (location, country)

DAKO Pen
Falcon tubes (15 and 50 ml)

FastPrepE |lysing matri x,

Felt marker, alcohelesistant

Felt marker, waterproof

Filter tips (10, 20, 200 and 1000 ml) Surphob
GenePulse® Cuvettes

GenePulse® electroporation cuvettes
Haematocrit sealing compound

Latex gloves

Magnetic stirrebars

Micro-hematocrit capillaries
MiniCollect® K3EDTA-coated tubes
MiniCollect® Lithium Heparin

Nitrile gloves

Nitrocellulose Membrane

Pasteur pipettes

PCR strip tubes with cap Axygen®
Petri dish

Pipette tips

Dako Deutschland GmbH (Hamburg, Germany)
Greiner AG (Kremsmiinster, Austria)

t

MP BiomedicalgEschwege, Germany)
Sarstedt (NUmbrecht, Germany)

Sarstedt (NUmbrecht, Germany)

Biozym (Oldendorf, Germany)

GenePulse® Cuvettes Bad Laboratories Richmond
Bio-Rad Laboratories (Hercules, USA)
Brand (Wertheim, Germany)

Sanger (Schrozberg, Germany)

Thermo Fisher Scientifi(Waltham, USA)
Hirschmann (Eberstadt, Germany)

Greiner (Kremsmunster, Austria)

Greiner (Kremsmunster, Austria)

Cardinal Health (The Hague, Thetherlands)
Thermo Fisher Scientific (Waltham, USA)
Carl Roth (Karlsruhe, Germany)

Corning (Corning, USA)

Sarstedt (NUmbrecht, Germany)

Sarstedt (NUmtecht, Germany)

Pl asti pakE Pl asloéck80mC8yrninge nt BD (Franklin Lakes, USA)

Savelock Tubes

Serological pipettes Cellstar®
SuperFrost® Plus slides
Whatman paper (3 mm)

Eppendorf (Hamburg, Germany)
Greiner AG (Kremsmdiinster, Austria)
Menzel Glase(Braunschweig, Germany)

Whatman (Madison, USA)

3.1.7 Equipmentsand expendablesised forin vivo experiments

Table 7 - Equipment and expendables used foin vivo experiments.

Instruments and devices

Manufacturer (location, country)

AmbientPressureReferenceMonitor, APR2
Analytical balance
Angledgraefeforceps
Bridgeamplifier, ML110
Cotton carrier

Digital caliper

Dumont #3dorceps
Dumont #5- fine forceps
Fine Scissorslargeloops
Goldsteinretractor
Halseyneedleholders

Data Science International (St. Paul, USA)
Sartorius (Gottingen, Germany)

Fine Science Tools (North Vancouver, Canada)
Data Science International (St. Paul, USA)
Dimeda (Tuttlingen, Germany)

Wabeco (Remscheid, Germany)

Fine Science Tools (North Vancouver, Canada)
Fine Science Tool@North Vancouver, Canada)
Fine Science Tools (North Vancouver, Canada)
Fine Science Tools (North Vancouver, Canada)
Fine Science Tools (North Vancouver, Canada)
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Instruments and devices

Manufacturer (location, country)

Heatingplate

Mercury sphygmomanometeviercuro 300
MX2 Matrix 2.0 with dataquest A.R.T. software
Optic light source

PowerLab/4sp with Lab@art Software v5
Pressure transduceMLT0699

RPG1 singlereceiver

S&T vessekannulationforceps
Scantainer

Stereo microscope, Leica S6 E

Stereo microscop&eiss Stemi SV6
Strabismuscissors
Studenthalstedmosquitohemostat
Tabletopanesthesia unitUniventor 400
Temperatureontrolled 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 (Northancouver, Canada)
Scanbur (Karlslunde, Denmark)

Leica microsystems (Wetzlar, Germany)

Carl Zeiss (Gottingen, Germany)

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

FMI GmbH (Seeheim, Germany)

Aesculap (Tuttlingen, Germany)

Fine Science Tools (North Vancouver, Canada)

Expendables

Company (location, country)

22-27G Needle

Absorbable suture 4/0 with needle
Biocompatible gelRe-gel

Glass pasteur pipettes

Hamilton microsyringel 0 0 ¢ L
Histoacryl tissue adhesive

Kalt sutureneedle
Micro-Renathane®@ubing MRE-025
Paintbrush 0.5 mm

Paperclip

Parafilm

Polyethylene tubing®?E-50
RenasSilsilicone rubbertubing SIL-080
Reusabldeedingneedles

Silk black 4/Q cassette pack 100 m

Silk black 6/Q cassette pack 100 m

Silk suture 3/0 with needle SH
Spinocarenesthesiameedle 29 G x 3Yith red-codedstylet
Sterilecottonballs
Surgicaldisposiblescalpel

Syringe(1 mL) with integrated needI@6G)
Syringes Omnifix® SolplmL
Telemetrical Pressure TransmitteP®\-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 Vancouver, 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 @ith 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 formamal anesthesia, analgesiand asepsia

Table 8 - Drugs and substances used for animal anesthesand asepsidn this study.

Anesthesia Manufacturer (location, country)
Isoflurane Abbott (Wiesbaden, Germany)
Ketamidor Ketaming, 100 mgmL Pfizer (New York, USA)

Rompun Kylazine), 2% Bayer (Leverkusen, Germany)
Analgesia Manufacturer (location, country)
Novaminsulfon (Metamizo)500 mg/mL Ratiopharm (Ulm, Germany)
Asepsis Manufacturer (location, country)
Betaisodona solutio),1 g/mL MundipharmgFrankfurt, Germany)

3.1.9 Plasmid vectors

Table 9 - Plasmid vectors used in this study

Plasmid Manufacturer (location, country) Company ref.
pAAV -EFladouble floxedhChR2(H134REYFP-WPREHGHpA Addgene (Watertown, USA) 20298
pGEM®-T Easy Vector Promega (Fitchburg, USA) A1360
pX330-U6-Chimeric_BBCBh-hSpCas9 Addgene (Watertown, USA) 42230

3.1.10 Bacterial strains

All plasmid vectors wereloned using the electrocompetétscherichia colistrainOne Shot E

TOP10 ChemicallfCompeten{invitrogen, Germany).

3.2 Animals

3.2.1 Mouse husbandry

All mouse lines were maintained in pathogese conditions at thanimal facility of the Max
Delbriick CenterBerlin. A maximum of 6 mice were maintained in individually ventilated cages

at contrdled room temperature of 22+1°C, under a standard light/dark cyclelafut8each. All

mice received commercial standard mouse chow and wadtéibitum. Line maintenance and
experimental breeding were performed with either 1 male x 2 females or 1 thé¢enale. The
weaning was performed between 21 and 23 days after birth. Genotyping biopsies collected from
7-14 daysold mice were toenail, while from mice older than 14 days were ear punches.
Genotyping biopsies were systematically collectedmprint the mouse’s IDeither on the
fingertips orthe ears for further distinction. For the vivo experiments, animals were kept in the

experimental roonm conventionabpencages covered with a polyester filter sheet. Food, water,
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room temperature and lighthedulewere kept as described aboVe.acclimatize mice that were
submitted to anyn vivo protocol micewere transferred to the experimental roahkeast 5 days

prior of the beginning of the experiment. Al 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 experimentsf this thesisvere performedusingthe transgenic and knockoutouse

lines showedin Figure 6. Theselines were either generated or backcrossed in the FVB/N
backgroundstrain over ten generatigrendat leastwice ayear trerefore FVB/N wildtype were

used as contrel Further mouse strains described below were used in complementary
experiments those were in some casesmixed backgroundstrains and in these particular
experimentsvildtype 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\gt expression bthe AgtKO line) wasgeneratedby crossingAgt-Tg with AgtKO and the F1
heterozygous littermatesnongthemselves

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

The AT1aKO mouse Agtr1d™ 1% was generated bio et al. (111), using the classical gene
knockout technique. For this, 6kb of the mouseigtrla coding exon 3 was regpted by the

neomycin resistance cassette. This line was obtainedFrofn Dr. Thomas M. Coffmann the
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mixed backgroundstrain and was backcrossed for more than 10 generations with the FVB/N

strain atheanimal facilityof theMax Delbriick CenterBerlin.

3.2.2.2 Global Agt knockout = Agt-KO

The Agt-KO mouse Agt™A"Y was generated byanimotoet al. (112), using the classical gene
knockout technique. For this, ~6k® of the second exon (containing the Ang Il coding
sequence) of the moudgt gene was substituteslith the ~1.1kb neomycin resistance cassette.
This mouse line was obtained in the mixed background foof. Dr. Akiyoshi Fukamizuand
was backcrossed for more than 10 generations with the FVB/N atrdieanimal facility of the

Max Delbriick CenteBelin.

3.2.2.3 Brain Agt transgene =Agt-Tg

Before the start aothis PhD project, the Bader group had generated a new transgenic mouse line
expected to overexpredise rat Agt specifically in the brain by astrocytes FVB/NTg(hGFAR

rAgt)24Bdr (Agt-Tg). In this newly generated transgenic line, the rat Agt is expressed under the
control of the human glial fibrillary acidic proteihGFAP) promoter as previously successfully

used in rodent§s1, 113, 114)The rat Agt fultlength cDNA (XM_008772597) was amplified by

PCR with the foll owiCGGACAQPARCAGAAGCRATAIGM&ICs 3 Kj5 I
CATGGCTACACAGGAGGCAT 3 Njrg, abDNA lingaecorestruet Figure A g t

was preparedby molecularcloning and used for pronuclear injection inpoonuclei of FVB/N

zygotes.

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

Figure 7 - Schematic representation of thdNA construct usedto generate AgtTg.
The linearDNA construct was microinjeetlinto FVB/N zygote, and positive founders identified by genotyping.

3.2.2.4 Brain Agt rescueof Agt-KO = Agt-KO-Tg

Thebrain Agt expression was specifically rgedin Agt-KO. For this, AgtKO was crossewith
the newly generated transgenic line Ay which expresseégt specifically inthe brain(see
transgene expression validation in sectoh3). MalesAgt-KO were mated with females Agt
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Tg and heterozygous mice forAgth ar bor i ng t Agte wererinderciospead rioeobtdinr
Agt-KO-Tg (Figure®6).

3.2.2.5 Global Agt knockout F2 = F2 Agt-KO

To generate a mixed F2 generation of K@ mice containing 50% ahe FVB/N and 50% of

the C57BL/6N genome, FVB/N AgKO males were crossed with wildtype C57BN.
Thereafter the resulting heterozygous F1 littermates were intercrossed and the ~25% born F2
Agt-KO were used fothe GWAS (sed-igure 45A, a schemtic representation of the breeding

scheme)

3.2.2.6 Global Renin 1cknockout = Ren-KO

The RenKO mouse (Ren1®V"™) wasgenerated bylakahashiet al. (115), usingthe classical

gene knockout technique. For this, a large portion ~kHd.6f the mous&enlcgenecontaining
partial promoter region up to exon 6 (indigl the catalytic sequence) was deleted and
substituted with the ~1:Bb neomycin resistance cassette. This mouse line was obtained in the
C57BL/6 backgroundfrom the late Prof.Dr. Oliver Smithies For experiments this line was
backcrossed to the FVB/N backgnd for 2 generationand littermatesvere used as controls.
Note:wildtype controlsexpressedRenldas FVB/N.

3.2.3 Rat husbandry

All rats were kept on pathogdree conditionsaccording to the German Animal Protection Law
at theanimal facility Max Delbriick CenterBerlin. Rats were kepin individually ventilated
cages with unrestricteccesdo water and standard chow. The animals were kef (2ercage
depending on the cage siz@ a room witha constant temperature of 2t Candlight and dark
entertainment ol2h light/12h darkThe weaning was performed Baysafter birth.Ear punch
biopsieswere collectedrom ratsolder than 14 dayir genotyping All in vivo procedures were
performed according to the national amdtitutional 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 experim@s were bred to theutbredSpragueDawley (SD) strain.

3.2.4.1 TGR(ASrAOGEN)680 = TGR-680

This transgenic rat line was generataedhe laboratory of Prof. Dr. Michael BadéfGR-680
cariesan antisense RNA againgtgt in astrocytesastrocytespecificantisense RNAexpression
was achieed using the hGFAP promoter dsscribedby Schirke et al. (61). As consequence

TGR-680 present80% reducedbrain Agt proteinbutnormal peripheral Agt productiq6l).

3.2.4.2 Rat AT1a knockout and knockin generation

Rats are the rodent model of choice in cardiovascular research, because ratsimestbigger

than mice not only surgical procedures are easier but more stability and minimal interference
from probe implantation is observedring cardiovascular data acquisitiil6) However, the
generation of knockout and knockiat modelslackeda reliable methodologyntil recently The

ability of CRISPR/Cas9 to cause DNA douskeand break at predefined genome sites made
generang knockoutrats possibleby inducing mutationsduring norhomologous end joining
(NHEJ) eventsand knockin rats usingnhancedomologydirected repair (HDR{JFigure8). For
detailed information aboudgRNA and HDR generatiomefer to sections3.4.7.1and 3.4.7.2
respectively Channelhodopsis are lightgated ion channel that may be used as a tool to
spatiotemporally control neuronal circu({tsl7) If channelhodopsin expression is controlled by

a neuron population specific promoter,sthinique tool offers a distinct method é&plore the

role of this neuronal population arardiovascular homeostasis in freely moving rats. To our
knowledge, there is no record of successful cloning of the AT1a receptor prolesatieg us to
attempt to msert channelrhodopsin 2 (ChR2) into the coding exon of the rat ATla receptor
(Agtrla). The functionof fian g i ot e n braimcicuitg was dot deeply explored in rodent
modelsyet Therefore, we aimed to generate a unique model to manipulate ATla positive
neuronsin cardiovascular centers and study the impact on cardiovascular control indBRling
and extracellular SNA recordingsThe selected approach drev€hR2 expression imll cells
expressing AT1a including neurons, using heterozygous aidla and ChR2 expression is

expected.
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Rat Agtria ﬁ M
locus U
ATG ‘l’ gRNA
Rat Agtrla |J—
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CRISPR/Cas9 {} {Z
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HDR
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CRISPR/Cas9 .
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Figure 8 - Schematic representation othe plannedknockout and knockin of the rat AT1a receptor Agtrlalocus)
CRISPRCas9mediated nofnomologous end joining (NHEJ) and homoledjyected repair (HDR) usingDNA templatedonor.
Rat zygote pronuclei microinjection or electroporation of a specific gRNA for thgtatawith Cas9 protein, disrupts (double
strand beak) thelocusfew base pairglownstream of itstarting codorat exon 3 Upon CRISPR/Casfhediateddoublestrand
break rat lines are obtained in two different ways. Firstargeted gene knockout is achieved by NHEJ endogenous repair
machinery During thisprocess few nucleotides are lost or insegrdthese mutationkkely resut in frameshifttherefoe gene
knockout(left panel). Second, channelrhodopsirfEX FP fusion protein is inserted by-agecting a donor DNA template that is
obtained by cloninghomologous recombination arms into a commercial vefight panel). Note the donor DNA was
constructedn a way thatit excludes theAgtrla starting codorand part of the sgRNA hiling sequenceallowing ribosomal
protein translation to be started from the channelrhodogs¥i2P fusion proteimndavoiding CRISPR/Cas9 to cut the construct,
respectively

3.3 In vivo methods

3.3.1 In vivo animal experiments

All in vivo experiments were performed widldult male mce agd between 120 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 adced between ZT3 and ZT7-Bhoursafter the onset of the light).

All surgeries were performed on a therountrolled plate under the constant monitor of the
ani mal Otamperate.t As lanesthetic either ketamine and xylazine mixture (100 and 10
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mgkg ip, respectively) and/or -2% isoflurane air mixture supplied with a small animal
anesthesia unitvere usedTable 10). After each surgical procedure, the animal returned to its
home cage placed on a 37 °Crarmed heating pad until full anesthesia recovery. Pain was
alleviated providing 3 days before and 2 or 3 days afiegery 200 mg/Kg/day metamizole in
drinking water Table 10). All surgical instruments andhe surgery bench were previously
sterilized. The instrumes were made aseptic placing for at leasha2irs in 6% hydrogen
peroxide with posterior ddf8 washing, while the working benches were cleaned with 70%
ethanol Table 10). If noted thatan animal did notrecoverwell from the surgerygg. reduced
locomotor activity, considerable weight or hair logsyas 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/xylazirie) (1:10, viv) Ketar_nme, 100 mg/mL. Sterile saline, 0.9%
(1:20, viv)Xylazine, 20mg/mL

Metamizolé (1:375, vi/v) Metamizole, 500 mg/mL Tap water

Surface and tools sterilization solutions Composition Diluent

Ethanol (15:35, v/v) Ethanol, 99% ddH0

Hydrogen peroxide (1:5, viv) Hydrogen peroxide, 30¢45:35, v/v) ddH:0

*Injectedip in the volume of 10L/g body weight.
SCalculated on a daily drinking volume of 1G0/g/day, polyuridinesreceived the drug diluted accordingly.

3.3.2 Long-term cardiovascular phenotypingby 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 parametdrsrodents, because the animal remaimsehtire time ahis home cage

with free access to food and water white parameterare constantlyrecorded over24 hours

(118, 119) Also, thedata acquisition may be initiated weeks afterghabeimplantation when
anesthesia effects and inflammatiame resolved. Another advantage is the large battery

autonomy allowing intermittent recording over a month.

3.3.2.1 Surgery (probe implantation)

Sterile PhysioTel PAC10 pressure transmitters (DSI) were impdah this transmitterallows
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 triangknd 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 triangdeng a oralgavage needlasa conduit.

The gavage needle was removed from the femoral incision and the body of the transmitter pushed
subcutaneously into a pouch in the back regibthe mouseTo introduce the tip of the catheter

in the femoral arteryangled Graefe forceps were used to carlgfulisualize 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 prent backflow, the distal ligation portion was knotted with a
suture cable (4/0 silk), and the inflow was prevented proximally using athtaid approach

where the vessels were a suspended with a suture cable (6/0 silkHatskpneedleholder.

Two addtional 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 incigiorthe arterywas 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, reachihg abdominal aorta before the renal artery
bifurcation. At the end, all threguture 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 auture stitch (4/0 silk). Finally, the skin incisions were closed with
discontinuous sutures (4/0 silk) and the animal allowed to recove? fitays or 1214 days
depending on the protocolNote the whole procedure was performed underLeica

stereomicrosape

3.3.2.2 Data acquisition and processing

Upon surgery recovery, mice were transferred to the recording room equipped with PhysioTel
RPGC1 receivers \Were the cages were placed on and kept during the complete habituation and
recording periods The RPC1 receivers were connected &DSI data exchange matrix that
transmits the signal to a computasth the softwareDataguest ART The cardiovascular

paraméers 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 caldudetepulse pressure = systolic
diastolic pressureNote: the recording was shortly stopped in caseshgd to bechanced or

drughad to beadministered

Figure 9 - Schamatic representation of thelong-term cardiovascular sampling usingradiotelemetry.

(1) A mouse with an implantable telemetry probaeits home cage(2) RPG1 receivers receive radisignak from the
cardiovascular parameters 24 hours every 5 minliseconds.3) The data exchange matrix forwards the signal td)a (
computer with the softwaf@ataquest A.R.T.This illustration wa partially ceatedn BioRender.com

3.3.3 Short-term cardiovascular phenotypingand intravenousdrug administration

The Bader lab has mastered its own technique for mouse femoral catheters handcrafting and
implantation as described Byodiraset 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) foiteshoftom a
congiousandfreely movingmouseat its home cage in a cestfective manner. Additionally, the
method is optimal to monitor sherm (second to minutebeatby-beaj cardiovascular effects

of any drug that is administered by intravenous route, withoutqure contact with the mouse, in
periodswhere the cardiovascular parameters are stable sudiriag minimal movementNote

Acute BP recording and drug infusion in rats were performed as described forusmce

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 (MRE25) ~3.5 cm connected to a second polyethylene tubing (PE
50) ~ 5.0 cm. The tip of the silicone tube was tapered heating the silioerdakaining 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 proximity of a heating plate at 300 °@ith a Student Hemostabol

until a tip dimension of ~ 0.3 mm (inner diameter).4 mm (outer diameter) was reached. The
length of the produced tip was typically ~x.0.5 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 scalel in orderto 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 22G hypodermic needle. Finally, the silicone tube was pushed into the ditated {he
polyethylenetube The procedure was performed with the two tubes on theaged 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 histda@sue adhesive. Beforese the catheters

were allowed to dry in an upstanding position for several,days its patency and connection
leakagewereverified by flushingthe cathetewith tap water Before implantation, the catheters

were sterilized Wwh 6% hydrogerperoxidefor atleast12 hoursand washed with ddi®.

3.3.3.2 Surgery (catheter implantation)

The animals were anesthetized, the femoral triangle region shaved and stekilizéd cm
incision over the femoral triangleas made tovisualize the femoral vein and arteryThese
vesselswere carefully isolated from the surrounding fat and nerves. After vessiationwith

Graefe forceps, they had to be occluded distal (permagpemt proximal (temporary) ~0.5 cm
apart allowing a windowo introduce thecatheters. To prevent backflow, the distal ligation
portion was knotted with a suture cable (4/0 silk), and the inflow was prevented proximally using
a thirdhand approach wheréé vessels were a suspended with a suture cable (6/Qvihka
Halseyneedleholder. Two additional suture lines were placed underneath the veaselshe
vessels were dilated applying a drop of 1%dainesolution To prevent blood clotting, the
catheters were filled with heparinized saline (100 U/djore implantingand the tip rubbed

with biocompatible ge Both catheters were closed at the other extremity, the arterial inserting a
red-coded stylet from an anesti@ 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 vesseboannulati

forceps and a bent 23 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 aorteaand ve
cava inferior At the end, all three suture cables weratkgl with double knots to secure the
catheters into the vessels. The arterial cathvetsclamped with éHemostatool, the styletwas

taken out from it, andike the venous catheteahe arterial catheter wadosed with a 235
stainless steel plug. Botatheters were then routed subcutaneously up to the extrascapular space
and exteriorized. For this, silicone tubebridged the catheters to a 15 cm rowwsh@pe smooth
edges metal bar. The fat and connective tissues retracted during the vascular cleenpigogd

back over the vesseland he fat and the skin wousdvere separated sutured with a (4/0 silk). In

the last step, witlboth catheterextremitiesout, both catheter extremitiesere inserted into a 5

mm of silicone tubing (type SIE080) and theraltogether secured under the skin with a suture
cable (3/0 silk)(seeFigure 10). The animal recovered from surgery on a heated pad until
consciousneswasregaired The animal was allowed to further recover for 2 datygs home

cage with free access to water and food. The catheters were daily flushedi(yXfice a day

with the heparinized saline (1@0'ml) during the recovery period. At the day of the experimen

the catheters were flushed just before connecting the animal to the BP recording unit. The arterial
catheter was connected to the pressure transdameafter the recording, the animal rests until

the next day, with maximal number of 3 days (3 expenital days). Inmediately, after finishing

thein vivo protocol the animals were killed by cervical dislocation.

Table 11 - Heparinized salinesolutions preparation.

Solution Component Diluent
Heparinized saline, 20/mL (2:250, vy Sodium heparines000 I.U/mL Sterile saline.9%
Heparinized saline, 100/mL (2:50, v/iv)Sodium heparine5000 |.U/mL Sterile salinep.9%

3.3.3.3 Drug infusion (i.v)

A 100 pL Hamilton syringe connected to a ~50 cm long polyethylene tubing5QPBvas
connected to the venous catheter for drug infusion. Before connecting the tubes, the syringe and
the tube were filled with heparinized salir2® (U/ml), and the substanag soluion loaded at the

tip of the tube leaving small air bubble of ~@u3 (to avoid drug dilution)seeFigure10). After
connecting the tube and before injecting the sutzs, the animal was allowéalan acclimation

period of~60 min.When the animal displayeahinimal locomotor activity, the substance was
injected inbolus Drugs were diluted that thelume of0.5uL/g body weight was injectednda

total volume of 1@ pL was injectede.gfor atypical 30 gFVB/N mouse this consists of 18
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of the drug +85 pL of heparinized saline2Q U/mL). The extra volume injected is important to
wash out the implanted cathetehnich contains a volume of15 pL. Injecting 100 uL of vehicle

(saling in boluscauss only very slight MAP elevation ~dhhmHg During the experiments 47

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 24hour interval and drug administration sequences\aéiernated within the groupall
substancesjected intravenously are dilutedin purchased sterile.9% saine. Candesartaand
nifedipine were diluted in saline containifdgg,COz and DMSO, respectively(Table 12). To

avoid drug concentration bias, each substance used was only once dikterdephysiological

saline and stored in several aliquots2it °C, for each experimentn@wyvial was thawed

Table 12 - Vasoactive drugs administered intravenouslyor cardiovascular effectquantification.

Drug Conqentration in Injected . Diluent
solution concentration
Angiotensin Il acetate salang 1) 200 ng/mL 100 ng/Kg Sterile saline
CandesartafCV 11979 0.2-2 mgimL 0.1-1 mg/Kg Sterile salinevith N&eCOs, 0,01% (w/v)
Dexmedetomidine Hydrochloride 10 pg/mL 5 ug/Kg Sterile saline
Endothelinl 2 pg/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)
Eyggiﬁg;iﬁé?g\ln:,\%?hyl ester 60 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-27632dihydrochloride 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 (AOnstruments). Importantly, the recording unit was calibrated before
and after each individual recording (mouse) with a-psot calibration (0 and 120 mmHg)

using a precision mercury manomefg€o. record cardiovascular parametelg arterial catheter

was connected to a heparin/saline filled tube connected to the pressure tranB&ueeass
recordedconstantly(beatby-beaj at 200 Hzbefore during and afterv drug injection MAP was
automaticallycalculated with the formula MAP = ((systolic + (2 x @i&t)) / 3), and he 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 LabGhesoftware(AD Instruments).

Figure 10 - Schematic representation of theshort-term cardiovascular sampling using thecatheter setup.

A freely moving mouse at its home cage instrumented with arterial and venous catheters that were exteriorized at plaintrasca
spacg(1). The arterial cathetés connected to a pressure transdcenverts mechanical to electrical energy) thabigpled to a
3-way stopcockallowing intraarterial fluid injection for signal improvemeg).(Thevoltagesignal is amplified and convertea
pressure signalsingbridge amplifiers and Bowerlab 5respectively(3). Cardiovasculadata are recorded and analyzed using a
computer with the software labCh&r(4). A Hamilton syringe coupled to a polyethylene tubiogded withdrug in solution is
connected to the vens catheter to delivahosen concentrations vasoactive drug€s). Intravenous drug infusion takes place
when the animal displays minimal locomotor activity, therefore, stable cardiovascular parafiéseiitustration was partially

createdn BioRender.com

Drug i1 nfusion ( qpoMAsWeracalculatedHbyRrthe differesspbetwesne
the maximal MAP or HR (peak or troughyesponse and the averaged immediate (~1 minute
before drug infusion) see the examplebelow (igure 11). Basline cardiovascular parameters

werequantifiedbefore any drug administratidar at least 60 min

PAP
[mmHg)

° ]

L |

Figure 11 - Example of agMAP and gHR calculation.

A wildtype FVB/N mousereceived alO pg/kg phenylephrine injection, showed lsymbol fid A, triggering an immediate
increase iMMAP and decrease in Hiparoreflex of the HR)middle and bottom diagram&spectively To calculatepM A Bnd

g H Rpaseline MAPand HRareaveragedmmediately before injectiofor ~1 min (1) asthe peakor tough maximatesponse for
~5 heart beat$2). Cardiovascular responses are calculated with the following fornaeN&sP = (maximal MAP response
bagline MAP) and aHR = (maximal HRresponse- baseline HR) Note: MAP and HR, middle and lower diagrams, are
automaticallycalculated fronpulsatile arterial pressurecording(top diagramh. PAP = pulsatile arteriggressureMAP = mean

arterial pressure, HR = heart rate.
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3.3.4 Baroreflex control of the heart rate

The baroreflex control of theR was calculated monitoring changes in HR induced by transient
increase and decrease in BP induced by intravenous bolus inj@ftieasoconstrictor and
vasorelaxant substances in freely moving mice. Bradycardia response was induced by
administerindmmggopdessesrofi~2he va@dabOonr)gt! kgct
while tachycardia response was induced by intravengestion of the vasorelaxansodium
nitroprussidg(l 0 kg)gT calculate the baroreceptor sensitivity index, the MAP and HR peak
responses to phenylephrine and sodium nitroprusside were recordedy-beat using the
catheter method. First, tHeasal and the peak response changes in the HR were converted to
changes in pulse interval (PI,ms) by the formuleéDB0/HR. The Pl was calculated using the
formula (Pl = peak response Plbasal PIl). Fially, the baroreflex sensitivity index was
calculatedwith the formula (BRS = PI/MAP, ms/mmH21)

3.3.5 Renal denervation

Mice instrumented with raditelemetry receiveran which the baseline BRad beeracquired

for 48 hourswere deeplyanesthetized with isoflurane vap84% induction,1-2% maintenance

for bilateral renal denervation. A flank incisigekin and musclealyers)was operd to gain
access to the kidney and renal vessEf® renal vessels werdentified, and the kidney gently
retracted using aelf-customizechook made with gaperclip A gauze soaked in physiological
saline was placed between the hook and the kidney to avoid tiasuege Carefully, the renal

vein and artery were isolated from surrounding tissue using sterile cotton wrappezbtton

carrier as well as fine forcepsftdr connective tissue clearing, the renal vessels were isolated
using fine surgicalnstruments and/or a glaggpette which the tip was previousliaperedby

gentle stretchingn a flame This procedure nits the glass pipette tgmd asmooth tipdevebps.

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 neithl deervationsolutioncontaining10%
phenolfor ~5 min(Table13). To avoid phenol spreading into the abdominal cavity, a small piece

of parafilm was placedinderneath the vessels before phenol application. Additionally, the
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vessels were cleared with physiological saline dridd at the endvith sterile cotton Upon

phenol clearingthe parafilm was removed, amduscle and skin layers were separately closed
with discontinues sutures (si#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 renatepinephrine levelas described in section

3.7.2

Table 13- Phenol solution used for renal denervation.

Solution Component Solvent

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

3.3.6 Chemical Sympathectomy

Total peripheralSNS ablation was performed administeringhgdroxydopamine hydrobromide
(6-OHDA), a drug that does not penetrate the bibmin-barrier in adult rodentsl22) 6-OHDA

was injected once a day 1@fgkg i.p for 5 days.The drug wagprepareddaily in adark room
diluting 6-OHDA in sterile physiological saline containing 0.01% ascorbic acid to prevent
oxidation(Table14). 6-OHDA solution final concentration was 10 mg. and the volume of 10

uL/g body weightwas injectedThis dosage was chosen because it ablates most of the peripheral

sympathetic terminali® mousebetween 3 to 5 dayd22 124)

Table 14 - Solutions used forin vivo chemical sympathectomy.

Solution Component Diluent or Solvent
0.01%Ascorbic acid 0.01% (w/v)Ascorbic acid Sterile saline0.9%
6-OHDA solution 10 mgmL 6-Hydroxydopamine hydrobromide  0.01% ascorbic acid

3.3.7 Sample (organsblood and urine) collection for ex vivo experiments

Ex vivoexperiments were in most of the cases performed in an attempt to elucidate the molecular
basis of thein vivo cardiovascularphenotypesfound Therefore, similar to the acute
cardiovascular phenotyping, organmer 12-20 weeks old male mice were harvested between
ZT4 and ZT6 (46 hoursafter the onset of the lightinless otherwise statelllice were sacrificed

either by cervical dislocation, decapitation or isoflurane overdose followed by exsanguination.

Rats wee only sacrificedusingisofluraneoverdose.

For most of the downstream applicatiomsganswere immediately harvestedshortly

rinsed inice cold PBSor 0.9% salineto remove blood exceg3able15), snap frozen in dry ice
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or liquid nitrogen, and stored &80 °C until usageOrgans used for histology were pladgedi%
paraformaldehyde solution after rinsing in PBS. Aorta and mesemtdery used for mRNA
analyses were directly placed in a tdoataining RNAater andstored at 4 °C foa maximumof

7 days.Fa and connective tissugere removedfrom aorta and secofithird branch mesenteric
arteries under a stereomicroscagsng apetri dish containing RNAlatemwith fine surgical
instrumentsOnce cleeed, aorta and mesenteric arteries were placed in tubes containing Trizol
and stored at80 °C until mRNA extraction Blood was collectedrom a cardiac puncture
performed upon dhoracotomyusing a23 G needlecoupled to a ImL syringe Blood for
hematological analyses was collected into MiniCollect® EERA\coatedtubesandwas stored

at room temperaturd’lasma samples weseparateaentrifuging at 200Q for 10 minat4 °C

blood collected into lithiurrheparin or MiniCollect® EDTAK3 coated tubesPlasma was
transferred to new tubesnap frozen in dry ice, and stored-80 °C until processingTimed
spontaneous urine was collected by holding the mouse over an empty tube. énsoaall urine
volume was collected or the mouse’s bladder was found empty, the procedure was repeated on
the following day. The colleetl urine was snap frozen in deg and stored aB0 °C until usage.

Table 15 - Buffers used for blood excess removal

Buffer Components
1.37 M NaCl
. . 27 mM KClI
10x Phosphatéuffered saline (PBSpH 7.4
100 mM Na2HPO4
18 mM KH2PO4
0.9% Saline 0.9% (w/v) NaCl

“PBS was prepared 10x concentratujbefore use it was diluted to 1x (working concentration).

3.3.7.1 Organ collection for Agt-Tg validation

To validate the brakspecificity of the transgene expression, pieces of the following tissues were
collected angolled from 2 wildype and 2 AgKO-Tg mice: White fat, brown fat, brain, kidney,

liver, salivary gland, lung, bladder, heart, duodenum, spleen, stomach, adrenal glands, testes,
muscle, gutskin and aorta. The tissues were briefly rinsedcecold saline to remove blood

excess, snafrozen in dry ice, and stored-&0 °Cuntil mMRNA extraction
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3.3.8 Biometrical measurements

Mouse body weight was takday placingthe mousento a Lliter plasticbe&er on an analytical
scale.Organs(heart, splee, kidney adrenallands, and lungsvere harvested immediately after
the mousaleath andvashed in PBS to remove blood excess. Ufingeps the PBS excess was
removed from the heart cavities squeezing the organ against a drygapeother organs wre

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 calgfesr bone dissection and

surrounding tissue clearing.

3.3.9 Embryo manipulation

These experimaa were performed byr. Elena Popova which optimized thechniquefor
transgenicrat generatiorin the Prof. Dr. M. Bader groupBriefly, ATla knockout rats were
generated by deliveringD rat zygotes or 2-cell stageembryosrecombinant Cas9 prote{i280
ng/ uL, IDT) andin vitro transcribedsgRNA (258 ng/uL; see sectior3.4.7.) or a commercial
SgRNA 258 ng/uL each(CRISPR RNA, crRNA,; transactivating CRISPRRNA, tracRNA) by
electroporation50-70V, 2.6ms, 1 pulseFor AT1la knockin generatioadditional topurchased
SgRNACas9 proteinHDR templateqcircular vectorssDNA or dsDNA see sectios3.4.7.2and
3.4.7.0 were deliveredy electroporationmicroinjection,or a combination oboth methods into
SD rat zygote and 2-cell embryos For microinjectionconcentrationsvere: Cas9 protein 30
ngfuL), sSgRNA(crRNA/tracRNA 12.5 ng(iL each) and HDR templat® ngiuL. Zygotes were
isolatedby hormonally induceduperovulabn of SDrats and differentiated in cultute 2-cell
embryos In both casesafter embryo manipulationzygote or2-cell stages were implanted into

pseudepregnant foster mothees described by Popoeaal. (125)

3.4 Molecular biology methods

3.4.1 Polymerase chain reactior(PCR)

Using aDNA 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 gaimer
nucleotidesand the thermostable DNA polymeea Taq polymeras€onventionalPCRs were

performedto amplify DNA fragments. For mostf the applicationsincluding genotyping, RT

-62-



Material and methods

PCR andvectorette PCR Tag DNA polymerase withiThermoPolbuffer (NEB) was usedPCR
mixes were assembledtPCR stripe tubeglable16). The reaction tubes wereppeed, shortly

spun down, placed into a thermocycler, and the PCRuging specific cycling contions which

were optimizedconcerningannealing and elongation temperatures as well as the elongation
length. To assure proper template preparation and no reaction contamination, a positive control
(when possible) andwwater control sampleaespectivelywere includd in each PCR round. The
sequencspecifigty of each primepair sequencevas verified using thenline BLAST tool* and

the appearance of the expected amplicon lsyzagaroseclectrophoresigsee section3.4.2. In

case of a dubious result, part of the PCR reaction was pufsgedsectio.4.5, and forwarded

for sequencingsee sectior3.4.12 and the resulting sequentieally analyzedn silico with the
onlineBLAST tool.

Table 16 - Conventional PCRmix compositionusing Taq polymerase

Stock concentration Component Volume (L)
10x ThermoPol® Buffer (NEB) 2.5
5mM dNTPs 1.0
10 &M Primer 1 0.5
10 &M Primer 2 0.5
10e M Primer 3 0.5
- Nucleasedree water 18.875
5 W/ e TagDNA polymerase 0.125
Variable Template DNA 1
Final volume 25
The annealing temperature is prinsgecific and elongation timedependson the amplified fragment.In case the PCR only
required two primers the volume 0.5 ¢l of wultrapure water wa:

To amplify DNA fragments for downstream applicatiomsere proof-readingwasideal
such assubcloning, thePhusion® high-fidelity DNA polymerase was use®CR mixes using
Phusion polymerase were prepared@scribed infablel7.

4 https://blast.nchi.nim.nih.gov/Blast.cgi
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Table 17 - Conventional PCRmix composition using phusion polymerase.

Stock concentration Component Volume (L)
5x PhusionBuffer (NEB) 10.0
5mM dNTPs 2.0
10e M Primer 1 25
10 e¢M Primer 2 25
- Nucleasdree water 315
2U/Le PhusionDNA polymerase 0.5
Variable Template DNA 1
Final volume 50

3.4.2 Agarose gel electrophoresis

The agarose electrophoresis was performed to-seiparate and visualize vectamsert
integration, PCR amplicons which many times were used as tool determise genotyps or

to verify primer specificity by a unique and size predicted amplicon. The gels were prepared
briefly heating 13% (w/v) agarose ifdris-acetateEDTA (TAE) buffer (40 mM Tris; 20 mM
acetic acid; 1 mM EDTA]Table 18) using a microwave ovea n't i | compl ete dilwu
0.2% ethidium bromide was mixed to Al of agarose sation that was allowed tpolymerize

at room temperaturim a horizontalgel casting. In the following step, 0.1 volume units of 10x
DNA loading buffer(Table18) was a@ded to the samples (PGRixe§ a n d of the samples

and a referencé Kb or 100 bp DNA ladder were loaded into the gel slots placed into a horizontal
TAE bufferfilled gel chamber. Each electrophoresis (120 V) hada duration between 180

min. Finally, fluorescent bands were visualized and documenttd302 nm UV light using a

Gel Imager C200 (AzurBiosystems)Whenthe DNA fragment was visualized with the purpose

of purification, the gel was visualized with 36B1JV 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 mMTris

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

10x DNA loading buffer 6 (Whv) TE Buffer
0.02% (w/v) Bronophenol blue
2 M Tris

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

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

All mouseand ratlines were genotyped between birth and weaning, for experimental and colony
maintenance purposes. In addition, each animal used in experimentatiyrescavas 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; maneg types of biopsies

were collectedear, toen a i | , or tail. Probeaiwer &0i mdyb etae
tail) in sample djestionbuffer (Table 19) overnight at 55 °C in an orbital shakédiis buffer

contains he fungal proteinas&, that with its broad proteinase activiyelease mammalian

DNA that may be used fordownstreammolecular biology applications including PCRfter

overnight incubationsamples were briefly heated for 10 min at 95 °C in other to inactivate the
proteinase K. The RNA contained in the sample was digested aRiage Adiluted in TE

buffer pH 8.0(Table19). Thevolume added to the digested toal, ear and taibiopsieswere

250 €L, 500 ,redpectvetytProbedwiere stdred at 4 °C for skhienm usage 0120

°C for longterm usageThis procedure usually yieldsfinal concentration of genomic DNA in

solution ranging between32 00 ng/ ¢ L.

Table 19 - Buffers used for genomic DNA extraction fromtoe-nail, ear and tail biopsies

Buffer Component
200 mM NaCl
100 mM Tris

Sample digestion buffer, pH 7.0 wigioteinase K 0.1 mM EDTA

1% (wiv) SDS
1 mgiL Proteinase K

10 mMTris
TE buffer, pH 8.0 with RNAse 1 mMEDTA
2 0 nLdRNase A

3.4.3.2 Mouse gnotyping protocols

Each mouse line was genotypesing PCRmix with specific primers designed to produce short
DNA amplicons used to distinguish wildtype, knockout drederozygous micer transgenic

(Table 20). The method allows the genotyping of transgenic and targeteation (knockout)
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containing mice, however, heterozygous and homozygous transgenic animals are not
distinguishable with the metld unless the integration site is fully mapped. Genotyping PCRs
were assembled as describadection3.4.1, usingspecific primers and fiL of genanic DNA

as templateDetailed primer sequence, PCR cycling information and expected amplicerasize
listed inTable20,21. EachPCR round contained a reaction witlater instead of genomic DNA
andanother wih apositive controko monitor ontaminatiorand sample DNA extraction quality,
respectively.Note: A PCR reaction was used to distinguish whieltype Ren genesin mixed
background miceRenlc from Renld expressed by the C5BBLand FVB/N, respectivelythe

PCR with the -Tgiotable20wWad desigodd toAlifferentiate heterozygous from
homozygous AglTg mice, thedesignof this PCR was only possible after mapping the transgene

integration siteasdescribed i.1.2

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

. Annealing . Genotype-
Mouse lineor Sequence Sense temperature Elongation band lenath
Target (56 to 308) o P time (s) 9
(°C) (bp)
GAAGCCCAGGATGTTCTTGG .. wildtvoe. 645
AT1aKO GTGTCTGAGACCAACTCAACC o= 58 45 K MoChout. 800
GGCAGCGCGGCTATCGTGG
CCATTCAGGCCAAGACCTCC  Forward .
Agt-KO CTTGTGTCCATCTAGTCGGG Reverse 60 40 m’gg(‘;i;_%%%
GGCAGCGCGGCTATCGTGG ~ Reverse
TGACACCAACCCCCGAGTGG  Forward wildtype - 809
Agt-Tg 55 45
TCTGCCCAGAAAGTGCAGCG Reverse transgenic190
CAGCAAGACTGACTCCTGGC  Forward _
RenleKO GTAGCACGTAGTCCGTACTGC ~ Reverse 60 50 pidiype- 943
CGTTGGCTACCCGTGATATT  Forward
C57BL/6N- Renlc; CTTTACACAAGTTACCTGAACC Foward 20 Renlc- 276
FVBIN - Renld CCAGTATGTGTCAGGGACTC  Reverse Renld- 326
GGCACCTTGGTGTTCCTATC  Forward #’Uﬁt ~ ;’ég
Tg of AgtTg GAACATTGTGTCTGTGCCAA  Reverse 60 60 W‘f/ T% both

TCACCCACTTTCCCAGCTTC Reverse

wt = wildtype, Tg = transgenic = Agig.

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 b 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 AT1la knockout and knockin rat lines were genotyped agingntional
PCRs(Table16) with specific primergTable22).

Knockout: To verify CRISPR/Casthduced mutations byNHE J , a PCR mix of
prepared.This PCR amplifies the region flanking the expected double strand break by Cas9
(Table 22). After running the PCRorogram 5 €L of t h e mixee with DNAo n  mi x
loading bufferand run through a 2% agarose gel to verify the success of amplification (see
section 3.4.2. The remainingPCR mix (~2 0 ) awhs purified (see section3.4.4.5, and

forwarded for sequencing as described in secB@ghl2 The resulting sequencing files were

analyzedwith the software SnapGene Viewer.

Knockin: To determine if the construct containing ChR2 integrate¢he genome a conventional
PCR with specit primers (Table 22) was performed (see secti@m.]), and positive founders
were identified running the PCR product through a 2% agarose gel (see 8ett#pnn case a
positive founder was identified, another conventional PCR was performed with a primer pair
upstream of th&6 homologyrecombination arm andnotherin reverse orientatiom the ChR2
sequenceSuccess of th&nockin was verified running theR product through a 1% agarose

gel (see sectiod.4.2.

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

Annealing .

Sequence Elongation Genotype-
Target (56 to 30) SIS E?g‘)perat”re time (s)  band length (bp)
dsbreakat the 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
integrationby 60 90 . .
HDR CATCCGGCACAGTAACATTG Reverse Norrintegration- none

* To find mutationsnduced byCRISPR/Cas9mediatedNHEJ, the PCRoroduct 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 Trizohloroform method. InL of Trizol® was pigted on

100 mg of tissue imFast Pr ep E t u{beeramio matrix beads fdimeter 2.8 mm)
(MP Biomedical). Samples were homogenized fmes (depending on the organ) for 40 s at
speed level 4 using a Benchtop homogenizastrep24 (MP Biomedical). To assure the
complete nucleoprotein complex dissociation, the samples were incubated 10 min at room
temperatureThen,2 0 L ofechloroform was added to the homogenasenples were shaken for

15 sand incubated for 3 min at o temperatureSubsequentlysamples were centrifuged at
12.000¢g for 15 min at 4 °Candthe aqueous upper phase containing the RNA was transferred to
anew 1.5 mL tube.To precipitate thdRNA of the agqueous phas®,0 OL ofeisopropanol was
added andhe tubemixedby inversionthenincubaed atroomtemperaturdor 10 min The tubes
werecentrifugedat 12.000g for 15 min at 4 °Cand he pellets containing RNA were washed by
resuspension in InL of 70% ethanol and centrifuging a000 g for 15 minat 4 °C. The
ethanol waghen discarded with a pipette and the excess remowehlyang the pellets at room
temperature for 180 min. Finally, the RNA pellets were resuspende®iEPGwater (10-50

uL) (Table23), andto facilitate dilutiontubeswereshortly vortexed and incubate@ inin at 55

°C. The RNA concentrationand puritasv er i fi ed using a spectrophot
(Peqglab) andby running 0.51 pug of RNA on a 1% agarose gehr8ples were stored é80 °C

until further use.

Table 23 - Preparation of DEPC water.

Water Component

DEPGwater 0.1% (v/v) Diethylpyrocarbonate (DEPC)

The solution was stirredvernight at 37C and autoclaved to degrade DEPC

3.4.4.2 DNA digestion andcomplementary DNA synthesis (CDNA)

DNase | treatmentTo avoid amplification ofemaininggenomic DNA, theRNA samples were
submitted to a DNase treatment51l ¢ g of t ot al witiRDNase W(®aclee]Table x e d
24) and incubated in a thermocycler followingnufacturer instruction@ able24). The last step

(75 °C, 10 min) is required to denature DNase I. At the end, RNA concentration andyauety
verified withaNanoDr opE 1000 (Peqgl ab).
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Table 24 - DNAse | protocol, mix and cycling conditions for digestionof genomicDNA in RNA samples.

Component Volume (L igesti . .
P ume (L) DNA digestion Time (min) Temperature (°C)
10x DNAse | buffer 2.0 steps
RNasin 60 UfL) 0.5 DNA digestion 30 25
DNase I(10U/ e | 05 DNasel inactivation 5 75
RNA (1-5¢ Y Variable Hold ) 4

Nucleasdree water to 20

cDNA library preparation: The reverse transcription (RT) of the RNA was used to
synthetize cDNA templates. For this, 250 € g d freat€dNRaAIA wasonverted taDNA
using themoloney murine leukemiavirus reverse transcriptaséM-MLV ). The cDNA was
produced in two stepd-irst, RNA secondary structures were melted incubativey iolume
containing0.2 . 0 e g of RNArepéuwanec!| elawietolnpffaedore 11 . 2
hexamer primers (RH) &0 °C for 5 min and he reaction was chilledt 4°C for 5 min (Table
25). Second, working on icé . & of&a mix containing MMLV (Promegawas added to the
sample the RT reaction was incubated in a thermocyclelofdhg manufacturer instructions
(Table25). The cDNA produced was stored-a0 °C until usage.

Table 25 - Reversetranscription protocol, mix and cycling conditions, ofRNA samples

First step
Componen'F Volume (L) RT Steps Time 'I:%mperature
Random primers (508 g / mL 1 (min) (°C)
RNA(052. 0) € g Variable Secondarngtructure melting 5 70
Nucleasefree water to 12.2 Chilling 5 4

Second step

Component Volume (L) RT Steps Time (min) Temperature (°C)
5x M-MLV Buffer 4 Priming 15 25

dNTPs (5 mM) 25 Transcription 60 37

RNasin (50 U4L) 0.5 Enzymeinactivation 15 70

M-MLV (200 U/eL) 0.8 Hold 0.5 4

3.4.4.3 Quantitative mMRNA expression

MRNA gene expression level was determined usawgrse transcriptioand quantitativePCR
(RT-gPCR). RT-gPCR was performed usinga GoTag® gPCR reaction mixPromega)that
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contains2 fluorescent dyes: a DNAinding SYBR Green® and the reference CXR. The cDNA
samplesverediluted to final concentrations ranging betwdef nlgZ @L RT-gqPCRmixes

were assemblednto a MicroAmp® optical 384Nell plate (Applied Biosystemps 9 L &f the

diluted cDNA was pipetted together with the GoTag® master mix, CXR and spe«ifiers
(Table26). All primers were designed to a have a simitalting point, thus all reactions were
performed at the same annealing temperature of 60 °C. Only primers displaying a single meting
curve peak and expectadipliconband sized were included, a list of primers used is displayed in
Table27. All RT-gPCR samples were run in duplicates using a QuantStudio 5TRealPCR
System(Applied Biosystems)and thePCR programis displayed inTable 26. The data was
acquired and analyzed wusing the software Qua
(Applied Biosystems). The Ct values obtained in the expongttade of amplification from the

gene of interest and an appropriate housekeeping @&apdh Actb or 189 were used to
calculate the relative genexpression tathe control group using the method bivak and

Schmittgen(126) ( 2P*S)T

Table 26 - RT-qPCR, mix and cycling conditions

Components Volume (L) Temperature

RT-gPCR Time (s) o Cycles
cDNA (1-5 ngfkL) 9 o)
2x GoTag® master mix 10 Priming 120 95 1
Primerforward(1 0 )e M 0.4 Initial 600 95 1
Primerreverse{ 0 )e M 0.4 denaturatlpn
100xCXR reference dye 0.2 Denatu.ratlon 15 95
Annealing 40
. 60 60
elongation
Melt curve 1 15 95 1
Melt curve 2 60 60 1
Melt curve 3 15 95
Table 27 - List of primer pairs used for RT-qPCR.
Target, Gene Sequence (5to 3) Sense Amplicon (bp)
18s.RN18s TTGATTAAGTCCCTGCCCTTTGT Forward 75
’ CGATCCGAGGGCCTCACTA Reverse
CTGAATGAGGCAGGAAGTGGG Forward
Agt (mouse mAg), Agt GCAGTCTCCCTCCTTCACAG Reverse 120
CTGAGTGAGGCAAGAGGTGTA Forward
Agt (rat, rAgD), Agt GCAGTCTCCCTCCTTCACAG Reverse ~ 1°0
CCATTCAGGCCAAGACCTCC Forward
Agt (mouse and ratAgy), Agt GCAGTCTCCCTCCTTCACAG Reverse 299
AquAamrin-2. Adp2 ATGTGGGAACTCCGGTCCATA Forward 137
quaprin-<, Aqp ACGGCAATCTGGAGCACAG Reverse
AAAGCCTGCGTCTTGTTCTG Forward
ATla Agtria TCGTGAGCCATTTAGTCCGA Reverse 193
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Target, Gene Sequence (5to 3) Sense Amplicon (bp)
TGTGGGCAGTTTATACCGCT Forward
AT1b, Agirib ACACTGGCGTAGAGGTTGAA Reverse 100
ATGATTGGCTTTTTGGACCTGT Forward
AT2, Agtr2 AAGGGTAGATGACCGATTGGT Reverse 126
CTGGACCTGTATCTGGTCCAC Forward
Akrib7, Akrlb7 GTCCACCAGTTCCTCCATGG Reverse 138
ATGCGGTGGAACACTTTCTGG Forward
CD3,CD3e GCACGTCAACTCTACACTGGT Reverse 126
TGTCTGATCTTGCTAGGACCG Forward
CD68,Cdes GAGAGTAACGGCCTTTTTGTGA Reverse /2
TCTCCACGGAAACAGCATCT Forward
CDB6,Cda6 CTTACGGAAGCACCCACGA Reverse 101
C.Fos Fos CGGGTTTCAACGCCGACTA Forward 165
' TGGCACTAGAGACGGACAGAT Reverse
Collagen | Collal CTTCACCTACAGCACCCTTGTG Forward 57
genl, GATGACTGTCTTGCCCCAAGTT Reverse
GCTGGOATTCCTCAGACTTCT Forward
Collagen III.Col3al ACTGTTTTTGCAGTGGTATGTAATG  Reverse 67
TCCGGGAGAGATTGGTTTCC Forward
Collagen [V.Coldal CTGGCCTATAAGCCCTGGT Reverse 118
~ CCAAGGGTGTAGAGTTCTGTGA Forward
E Na CSonnla AGAAGGCAGCCTGCAGTTTA Reverse 'O
. TGCTGGTTCCCTCTTCACTT Forward
Endothelin A receptofzdnra ACAGCAACAGAGGCAGGACT Reverse 210
CCTTCCGCTACCAGCCAGA Forward
eNOS,Nos3 CAGAGATCTTCACTGCATTGGCTA  Reverse 102
Ervihronoietin Eno ACTCTCCTTGCTACTGATTCCT Forward 123
ythrop =P ATCGTGACATTTTCTGCCTCC Reverse
Eibronectin Fn ACCATTACTGGTCTGGAGCC Forward 124
: GGGTAACCAGTTGGGGAAGC Reverse
TCACCACCATGGAGAAGGC Forward
Gapdh,Gapdh GCTAAGCAGTTGGTGGTGC Reverse 108
CGGAGACGCATCACCTCTG Forward
GFAP, Gfap AGGGAGTGGAGGAGTCATTCG Reverse 126
Hepcidin Hamp1 AGGGCAGACATTGCGATACC Forward 101
' GCAACAGATACCACACTGGGA Reverse
Heocidin Hampa CTGAGCAGCACCACCTATCTC Forward 101
pcidin,Famp TCTTCACAACAGATACCACAGGAG  Reverse
cam.lcami TTCACACTGAATGCCAGCTC Forward 182
’ GTCTGCTGAGACCCCTCTTG Reverse
nterleuking. 116 CTGCAAGAGACTTCCATCCAGTT Forward -0
! GAAGTAGGGAAGGCCGTGG Reverse
ACACGGCAGCACCTTATACAT Forward
NCC, Slc12a3 GAGGAATGAATGCAGGTCAGC Reverse 142
CAAGGTCACCAGTATCGTCCC Forward
NHES, Slc9a3 GCATGAAGTATCCAGCATCCAAC Reverse 167
GATGGGTGAAAGGTGTGCTG Forward
NKCC2,Slc12a1 CAATTCCCGCTTCTCCTACAAT Reverse 96
TTCAAACGCAAAGTGGGAGGT Forward
NNOS Nosl AATGCCCCTGAGAACTTCCA Reverse 201
PAX8, Pax8 ATGCCTCACAACTCGATCAGA Forward 101
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Target, Gene Sequence (5to 3) Sense Amplicon (bp)
ATGCGTTGACGTACAACTTCT Reverse
RantesCals GCTGCTTTGCCTACCTCTCC Foward .
TCGAGTGACAAACACGACTGC Reverse
. CAAAGTCATCTTTGACACGGG Forward
Renin,RenlandRen2 AGTCAGAGGACTCATAGAGGC Reverse 107
CTTTGTACAACAGCACCCGC Forward
TGFb Tgibl TAGATGGCGTTGTTGCGGTC Reverse 127
- ACCCTCACACTCAGATCATCTTC Foward
TGGTGGTTTGCTACGACGT Reverse
Veam Veam TGAACCCAAACAGAGGCAGAGT Foward o
! GGTATCCCATCACTTGAGCAGG Reverse
Ny CCAGCACAGGTGAACATTTC Forward
Ula-Adrala GATGCCGATGACAGGCCAC Reverse 118
Ny ACATTGGGGTGCGATACTCTC Forward
Uls- Adralb TTGGGCGCAGGTTCTTTCC Reverse 139
y CGGACCTTCTGCGACGTATG Forward
Uls-Adrald TGGCTGGATACTTGAGCGAGT Reverse 124
y GGTGACACTGACGCTGGTTT Forward
(B4 -Adra2a ACTGGTGAACACCGCGATAATA Reverse 1
Ny GAGTCCAAGAAGCCCCATCC Forward
\Ps - Adra2b GGTGTCCATTAGCCTCTCCG Reverse 103
y TCTGGATCGGCTACTGCAAC Forward
(2e- Adra2c GCTTGAAAGAGCGCCTGAAG Reverse &
b actin Acth CTGGCCTCACTGTCCACCTT Foward
’ CGGACTCATCGTACTCCTGCTT Reverse
CTCATCGTGGTGGGTAACGTG Forward
b1- Adrbl ACACACAGCACATCTACCGAA Reverse 210
GGGAACGACAGCGACTTCTT Forward
b2 - Adrh2 GCCAGGACGATAACCGACAT Reverse ~ 12°

3.4.4.4 Qualitative mRNA expression

Tissue transgen@Agt) mMRNA expression was verified usingverse transcription PCR (RT
PCR) Several organs wereollected (see sectio.3.7.) and RNA extraction, DNAsel
treatment and cDNA synthesis was perfornsddescribedin sections3.4.4.1 and 3.4.4.2
respectively. The mgse and rat cDNA sequences warssilico alignedto design a primer pair
amplifying both rat and moug&gt cDNA (299 bp)(Table28). To performRT-PCRorgan cDNA
wasdiluted to a final concentration of 10 pg/ and PCR mixesvere assembledsdescribed in
section3.4.1 The presence ohAgt or rAgt was identified running the PCR product through a
2% agarose gekée sectior8.4.2). To finally confirm transgene brain expression, PCRs from
wildtype and AgtKO-Tg containing amplifiedorain mRNA werepurified (seesection3.4.4.5,
and forwarded for sequencing (see sec8chl2. The resulting DNAsequences weldastedto
verify the presence omAgt and Agt in wildtypes andAgt-KO-Tg, respectively Note: the
primer pairin Table28 was designed within the deleted regiortled endogenousAgt in Agt-
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KO, meaning that the primer pair does not amplify endogenodgt mRNA from AgtKO as
Agt-KO-Tg tissues.

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

Sequence ATIEETE Elongation

Target (56 to 36) Sense Eggperature time (s) Amplicon (bp)
Mouse and rafgt CCATTCAGGCCAAGACCTCC Forward 60 30 wildtype - 299
exon 2 GCAGTCTCCCTCCTTCACAG Reverse transgenic299

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 amplifymAgt and rAgt.

Schematiaepresentatiomof mousewildtype locus encoding thenAgt (A), and targetednAgt locus in AgtKO (B, top panel)
and the construct used to generate-Agtwith the rAgt cDNA (B, bottompanel). The thick line represents the amplification of
DNA fragments frommAgt in wildtype (A) andexclusiverAgt in Agt-KO-Tg (B) when using the primer pair displayedTiable
28because the pri merB is designedeirsthendeletat regian offilégt. Neod ngomycin resistance
cassette.

3.4.4.5 gPCR for transgene copy number quantification

To quantify thetransgene copy number in Aglg, agPCR was performed with genomic DNA
Sample genomic DNA concentration was measured (see s8dcti@) and an aliquot contaiimy

1 ngfL prepared. gPCR was performed using the primers showBabie 25which do not bind
to Agt-KO and following the protocol described 34.4.3 However, for this experiment tHeT
values were used to estimate the transgene copy number instead2dt®féAnother qPCR

with a primer pair targeting thAdra2a (Table 27) was performed to control genomic DNA

-73-



Material and methods

dilution. The transgene copy number westimated comparinggt CT values among mice with
one or two copies of the endogenondgt andmice heterozygous for the transgene with one or
two copies of the endogenonmsAgt.

3.4.5 DNA fragment purification

To purify DNA fragments from PCR reactiomsrectly or selectively by band excision from

agarose gels, the Wizard® SV Gel and PCR ClgaisystemPromega) was used according to

the manufacturerds instructions. For gel frag
with UV light (365 nm)using thegel imager C200 (Azure Biosystejnand excised with a

scalpel.

3.4.6 Measurement of nucleic acicconcentration

DNA and RNA concentration and purity were measured using a NanoDrop 1000 (Peglab)
spectrophotometer-or this 1¢ L o f n u wvas @ipetted cate thel lower measurement
pedestal Before each measurementeroreferencestandard (water or TE buffer) was included

depending on eadmueousolutionthe nucleic acidsvere diluted.

Nucleic acid concentrations were calculatesing amodified the BeerLambertequation
c = (A" e)/b, where Wherec is the nucleic acid conogration in ngé¢ I A is the absorbance in
AU, eis the wavelengtidependent extinction coefficient mg-cm/e Lr andb is the path length

in cm.
Below are theommonlyaccepted extinction coefficients for nucleic aad260 nm
A D o-strndezl DNA: 50 ngm/e L
A S istrapde@DNA: 33 ngmfk L
A RNA:-cm&@L ng

The ratio between the absorbanc&0/280 of 1.8 for DNA and @.for RNA indicats
purity.
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3.4.7 Molecular cloning

Molecular cloming was used to generate SgRNA, targeted constructs used for zygote
electroporation and pronuclear microinjections as wellP&R amplicon sequencing. The
commercial vectorsised in this study are displayed in sect®h9. Cloning strategies were
delineatedby identifying restrictionsitesat the plasmid’s provider webpage and for the insert

with an online tooP. To introduce subclonng sticky ends on amplified DNA fragments,
restriction enzyme bi ndi ofghegrimésensth addgional 45 ncl| ud

nucleotides to assure restriction.

3.4.7.1 Cloning of single guide RNA (sgRNA)

A sgRNA specifically targeting the R&AT1a receptor(Agtrla) wasdesigned using the online
tool’. To produce sgRNA,complementaryDNA oligonucleotides containing the sgRNA
corresponding sequence (20bp) plus overhanging segfencector insertion wersynthetized
(Table 29). The lyophilized oligonucleotidesvere diluted in nucleaskee water to a final
concentation of 100 uM, and phosphorylated and annealed in a single stepgudid
Polynucleotide Kinas€Table 30). The vector pX330 (pX330J6-Chimeric_ BBCBh-hSpCas9,
Addgene) was used to subclone the phosphorylated and annealed oligos, this vector contains a
doubleBbsl restriction site that if opesd matches with the annealed oligfgable 29). 1 pg of
pX330 was digested witBbsl Annealed oligos were diluted 1:200 in nuclease water and
ligated to the open vect@b0 ng, 1 UL of the previous reactionpfter ligation, circular vectors
were transformed into electrocompetbatteriaand the plasmid purified akescribed irsection
3.4.11 From all purified vectors the correct seqoenwascheckedby vector sequencing using
the primershown inTable 29. Because the cloned fragment is under the control of the U6
promote this plasmid produces tHteRISPRRNA (crRNA) already fused to the traastivating
CRISPR RNA (tracRNACas9 scaffoldjn mammalian cedl. In addition,Cas9 with anuclear
signal is also expressed by the vector under the CBh promoteheinveords, pX330 with the
sgRNA subcloned can be readily used for genome editing in mammaliamcklding zygotes

5 https://sites.ualberta.ca/~stothard/javascript/index.html.
8 http://Crispr.mit.edu/
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However, studies as well as our laboraterperiencendicated that zygote gene edition using
CRISPR/cas9 electroporation or microinjection of the sgRNA @las9 recombinant protein
yield higher efficiencyin comparison to vector deliveryrherefore,in vitro transcription was
usedto produce thesgRNA (cRNA + tracRNA). For this,a T7 promoter sequence was
introduced by PCR using Phusion polymer@d&B) (see sectior8.4.1]) and purified pX330
vecta (2 ng) as templateTheprimers used for amplification are shownTiable29. The purified
PCR product was used fegRNA synthesiddy in vitro transcription using 7 RNA Polymerase
(Thermo Fisher) following manufacturé 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 ragtrlalocus.

Target Sequence (56 to 308) Sense
. caCATCTTCAGCAGAAGAGTTAA Reverse
SgRNA subcloning
aaad TAACTCTTCTGCTGAAGAT Forward
Bﬁ%i? S€qencing . CTATTTCCCATGATTCC Forward
T7 promoter TAATACGACTCACTATAG ATCTTCAGCAGAAGAGTTAA Forward
introduction AAAAGCACCGACTCGGTGCC Reverse

Lower case lettermdicate overhangs used for creating stiekds to the annealed oligonucleotides used for subcloning into the
vectorpX330. Bold letters indicate an overfggthat produces a T7 RNA Polymerase promoter when amplified by PCR.

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

Component Volume (L) Component Volume (gL)
10x T4 Ligation buffer 1.0 pX330, open with Bbs | 1
Oligo 1 (1cC10 Annealedoligos, diluted 1:25@v/v) 2
Oligop2@0 0 & M) 10 T4 Ligase(Promega) 1
T4 PNK(Promega) 0.5 10x T4 Ligation buffer 1
Nucleasefree water 6.5 Nucleasefree water 5

Annealing conditionsvere37°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
bench.

3.4.7.2 Cloning and preparation of homologous recombination template

Doublestranded DNA (dsDNA) HDRemplate preparation:Due to CRISPR/Cas9 precise
genome doublstrand brealat predeterminedites a construct containing ~1Kb of the up and
downstream sequence flanking the expected CRISPR/Cas9 cutting position was assembled
order toflank the fusion protein ChREGFP (Figure 8). To generate the construstitable for

HDR, two homologyarms (arm 1 and 2) were sub cloned into the vector (pA&Yadouble
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floxedthChR2(H134REYFP-WPREHGHpPA, Addgene plasmid #20298). Homolo@rms 1

and 2 were produced using PCR readiparformed withconventionalTaq polymerasg NEB)
using the primers shown ifiable 31. PCR reaction migsassemble and cycling conditioase
described in sectio.4.1 For homolog recombination arm preparatiogtgenomic DNAwas
used as template (see sectdoh.3.). After amplification verification by agarose gel (see section
3.4.2, each PCRmix was purified with theWizard® SV Gel and PCR Cleamp System
(Promega)(see sectior3.4.4.5 and subcloned into the pGEM® Easy Vector Rromega).
Subsequently, smadicale bacteria cultivation were performede plasmidwas isolated (see
sections3.4.10and3.4.1) and sequencedith the primers showed ifhable31. Both homolog

arms were extracteftom the vectorusing restriction enzymdigestion, homolog arm 1 was
extracted using EcoR | and homology army2Sal | and Kpn ||Ifor detaik see sectior3.2.4.2

After restriction digests, the reaction mixes ware througha 1% agaroseyel, and thereleased
fragment wabservedand thecorrespondingpand excised and purified with théizard® SV

Gel and PCR Cleanp System (Promegé#é$ee sectior3.4.4.5. Digested and purified homolgpg
arms 1 and 2 were subcloned into the backbone of predigested vector containing ChR2 one at a
time with EcoRI aml Sal I/Kpn I, respectivelyEach round of subcloning was considered
successful after analyzing the insert orientation using restriction enzyme digéstiowed by

gel visualization andh silico sequence analyses. After successful subclostiegs, ondacterial
smallscalepreparation was expanded to a large scale and the plasmid ismdatscribed in
section3.4.11 For use as HDRemplateeither the circular vector orhe ~4 kb linearized
constructwere usedThe linear fragment was extracted from the vector using the restriction
enzymesSpel and Kpnl (Figure8). 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 homologe recombination arms tomatch with rat Agtrlalocus.

N Annealing Elongation Expected
VTSt srguenee (59 L0 SR temperature (°C)  time (S) Amplicon (kb)
ccagaattcatAgtTCAGACCCCATT Forward
CAGACTAAC
Homology arml 60 20 ~1.1
ttttggaattd GGGTTGAGTTGGTCT
Reverse
CAG
ggc@tcgad CTTCTGCTGAAGATG
GTATC Forward
Homologyarm 2 60 90 ~1.2
ttggtggtac@ TCAAAGTCTTCTCTC R
everse
AGAG
T- vector TAATACGACTCACTATAGGG Forward
sequencing CTATTTAGGTGACACTATAG Reverse

Capital letters indicate sequences overlapping with the template sequence. Lower case letters indicate overhang and restrictio

enzyme sequences which are underlifi@gktriction enzyme sequences a@attc= EcoR l,adAgt = Spe | gtcgac= Sal |,
ggtacc= Kpn I. HDR = homology directed repair.

Singlestranded DNA (ssDNA) HDR template preparati®everal studies observed increased
HDR success using ssDNA template @amng against templates consisting of dotgditanded
DNA (127 129) Therefore, the size of the HDR arh and 2were decreaseftom ~1.0kb to

~0.5Kb. To generate the ssDNA template, Giide E Long ssDNA Strandase

used followingma n u f a cinsuuctiens.0Briefly, a doubletranded DNA template was
generated by PCR using a hifitielity polymerase included in the kit and a custordipeimer
pair where the sense primerphosphorylated at the ®nd (Table 29. The phosphatgroup
serves as a recognition site for theandase that digesthe phosphorylated strand thereby
producing ssDNA that isleared and concentrated to (0-5L pgfuL) with acolumn purification

system included in the kit.

Table 32 - Primers used to generate ssDNA template for HDRto match with rat Agtrlalocus.

Annealing Elongation Expected

Ve Seguenee (59 L@ SIS temperature (°C)  time (S) Amplicon (kb)

P-GTGACACCAGTTCGTGGAAC  Forward
ssDNAtemplate )0\ GCCAGATGATGATGCAG ~ Reverse 00 30 ~3.0

The elongation time of the Phusion polymerase used is 19€a/SSDNA = singlestranded DNAP = phosphate grouio
phosphorylate the primer at the 5” for strandase digestion of the amplicon.

3.4.8 DNA restriction

Vector and insertas genomic DNAwere digestedy restriction enzym®& To integrate DNA
fragments ito circular vectors,the insert generationas well as the vector opening are
performedwith the same restrictioenzyme(s) Restriction enzymes and their corresponding
buffers (New England Biolabsyvere usedfollowing the instructions of the supplier. The

reactiors weretypically performed at 37°@nd1 U of enzymeausedt o compl et el vy
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DNA between 150 min To prevent vectorecircularizationn casethe vector was opea with

a single restricin enzyme,after restriction digestionthe reactionwas incubated with calf
intestinal alkaline phosphataszy/ug DNA; CIP) for 5 min at 37 °C. CIReeps the vector open
by dephosphorylabn oft h eend. 6

3.4.9 DNA ligation

The ligation of a doublstrandedNA insert into a linearized vector was performed addibg ~
100ng of vector DNA, 25 times molar excess @fNA inserf, 11 G&x | i gat iLgln buf f e
3 U) T4 DNA ligase (Promega) amdicleasdfree watet o a f i nal L.Vleelreaatian of 1

mix was incubated over night at 16 °C atdred at20 °C if not immediately used

3.4.10 Transformation and cultivation of bacteria

One aliquot of ectrocompetent bacteri@d Lfwasthawed on ice,-5 L ©f ligation reaction

or 50 ng of purifed plasmid DNA were mixedith the bacteria The mixture was transferred to

an iceprechilledGerePulse®cuvette, which was rapidlglaced into the sample chamber of the
electroporator 2510 (Eppendorf). Electroporation of bacteais performed at 1350 \oif 5 ms
Immediaely, 1 mL of LB mediawithout antibioticswas added and the electroporabetteria
transferred to new tube that was incubaat®7 °C for 1 burto allow vector expressiono
select successfully transformed bactesiglass cell spreaderasused tospreads O L of the LB
medium contain bacteria @ampicillin -containing LBAgar plateghat werecultivated over night

at 37 °C.For initial bacterial grow, @sitive coloneswe r e pi c k eldstenle tisland2 0 0 ¢
expandedn a 15mL falcontube containingg mL of LB medium (mini-prep) with ampicillin

over night at 37 °C on a shalarl80rpm. After mini-prep, pasmids were extracted as described
below section 3.4.11 and the correct DNA fragment integration was verified either by
sequencing (see sectid4.19 and/or by plasmid restriction (see secti®d.§ followed by
observain of expected fragmersize by running the digested plasmid on an agarose gel (see

section3.4.2. After finding the correct fragment isertion 1 0 OL ok the bacteria from the

7 https://nebiocalculator.neb.cw#!/ligation
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previous step was further grown in a plagitenmeyer flask filled with 25@nL of LB medium

(maxiprep)contaning antibiotic over night at 37 °C on a sha&&t80 rpm

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

Buffer, solution or media Component

Ampicillin 100 mgmL Ampicillin
0.5% (W/V)B a ¢ t Yedst extract

LB Medium, pH 7.0 1.0% whv)Bact oE Tryptone
1.0% (w/v)NaCl
LB medium .

LB plates 15% wnv)Bact oE Agar

100¢ gnL Ampicillin

LB Medium with ampicillin was prepared mixing ampitilwith LB mediato a final concentration df 0 0 mk Ampicillin.

3.4.11 Bacteria plasmid extraction and purification

To extract plasmids from the initial bacter@llture(Mini-prep), 4mL of the bacteriabvernight
culturewascentrifugedfor 5 min at 6000 g and the supernatant removddhe pelletcontaining

the bacteriatells wasresuspend d i nL of Solatiore A(Table 34) by vortexing 2bd ¢
Solution B (Table 34) was added mixed gently by inversiorand incubatedd min at room
temperature to lyse the bacterial celext, 2 5 OL ofeSolutionC (Table 34) was pipettedfor
sample neutralizatiorAfter solution C addition a whitelot containingDNA, protein and SDS
wasobserved, th samplesverethenincubated on ice fo20-30 min and centrifuged for 10 min

at 13000g. The supernatant was transferred to a newriL3ube,and5 0 0 ¢ L anolsvasp r o p
added mixed by inversion,and incubated for 10 min at room temperature to precipitate the
plasmid DNA Samples were centrifugddr 15 min at 1300 g, the supernatant discarded, and
the pellet washelly adding5 0 0 ofe/0% ethanothat centifuged for 15 min at 1.800g. After

removing thesthanol the pellet was aidried and resuspendedrincleasdree water

To isolateplasmid DNA from large scale bacterial growth (mprep),th e Pur eYi el d|
plasmid maxiprep system (Promega)was usedfollowing manuf act ur er drs i nst
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. Aftercolumn washing to removeendotoxin and remaining cellular

contaminats plasmid DNAwas eluted in nucleadese water and stored &0 °C until use.
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Table 34 - Solutionsused for plasmid extraction of initial bacterial growth.

Solution Components

50 mM Glucose
10 MMEDTA, pH 80

Solution A i
25 mMTris, 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 sequenimg wascontrolled withspecific primersbinding the sequence flanking thregion

of interest,using thechain terminatiormethodof Sanger and Coulsgi30). All sequencing \as
performed byLGC Genomics GmbH (Berlin, Germanygequencing results were analyzed with
the free software SnapGevewer.

3.4.13 Single nucleotidepolymorphism (SNP) genotyping

F2 AgtKO mice were genotyped using thouse universal genotyping array (MUGA) by
stbmitting the samples thleogen (Scotland, UK. The GigaMUGA genotyping arraycontains
143,259 genetic markers covering most of the inbred mouse strains including FVB/N and
C57BL/6. At the end of thecardiovasculaphenotyping, livers were collected from all F2 Agt

KO mice for DNA extraction Liver genomic DNA was extracted usingcammercial kit based

on a column purification systenG e n E | Sigma&Aldrich). Briefly, ~25 mg of liver was
collected and digested with proteinase K following manufaddsirestruction. After column
purification, 20uL of DNA (~100 ngjiL) was airdried overnight placing open tubes containing

the samples on a thernalbock at 50°Cand fippedat room temperaturt® Neogen

3.4.13.1 SNP validation by restriction digest

After performing theGWAS, a restriction digesif all F2 AgtKO mice phenotypedvas used to
validate the most significant locust clromosome 1 SNP rs31768697produces aHincll
restriction site only in FVB/N. fie restriction digest of the PCR product flankihig SNP allows
to identify the carriers Dthe mono and/or biallelicstrainspecific (FVB/N and/or C57BL/6)
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locus.The primersequenceand therestrictdigestion of the PCR product are showTable35,

PCR mx and restriction digestion are described in sectioBigldand3.4.8 respectively.

Table 35- Primers used to amplify the SNP rs31768697.

Annealing

Elongation Hincll digestion

Target Sequence (56 to Sense E(fg])perature time (s) Amplicon (bp) (bp)
GTGGGTCACCATATTTGTACCG  Forward C57BL/6- 250

rs31768697 60 30 250
ACTTTACACCTTCAGTTCTGG Reverse FVBIN - 110/140

3.4.14 Agt-Tg transgene integrationmapping by vectorette PCR

To determine the precise integration site of the transgene in the mouse genome, a vectorette PCR
approach was use#irst, the construct sequence was mapipesilico® to find restriction sites
close tothe corstruct's (used to generate AJig) 5" and 3" extremities(Figure 13B). We have
designeddifferent strategiesfor different restriction enzymesut only Bfa | rendered pogive
results, therefore, this approach is described béfogure 13). Genomic DNA was extracted as
described irsection3.4.3.1from an AgtTg mouse. Nostigested tissuand cellular debris were
removedby a tube spirdown at 13.000 g for 1 min, and he supernatanvas transferred to a
clean tubeThe DNA concentration was estimated described in sectidh4.6 Then 1 g of
genomic DNA was digested with Bfaestriction enzyme adescribedn section3.4.8in a final
volume of 30pL, and the enzyme was inactivated by heaB@IC for 20 min A vectorette
adaptemwith a3” AT overhang (to sticko thedigested genomic DNAorm Agt-Tg) was created
amedling the primersdepicted inTable 36 without phosphorylation withT4 Polynucleotide
Kinaseto avoid adaptor selfgation during the ligationstep (Figure 13A and Table 37). The
adapterwas ligated to the genomic DNAsing T4 DNA Ligase (Promega) Figure 13C and
Table38). The construct containinghaunknown genompiecewas amplified usingnested PCR
with primer pairs designed to bind the construct andttapter Figure13D). First,amplification
was performed as describ€Bable 39) using a conventional Taq polymerase (NEBgcond, a
nested PCR was assembieith 1 uL from the previous reaction. The amplicon was visualized in
a 2% agarose gel as descriledection3.4.2 The amplicon was subclon&ato the backbone of

the T-vector (promega)and amplified as described &4.7and3.4.1Q respectively. Finally, the

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

determine the transgene integration site.

A ﬂ
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 adaptertairing an amine group pwenting the extension byTaq polymerase ofhe lower
strand3” end topr event circul ar i z é\).iRepneseritadian pp theecorstruat iusedPt€ BeherateTé\gt
integrated in the genomic DNA with mapped restrictsites for Bfa | at the 5’and 3" ends as well as putative region on the
flanking unknown chromosomal sequend®).(Closer look at the SV4polyA region digested with Bfd containing a
downstream unknown DNAtagment In pink are representative adaptor ncoles containing AT overhangs matching with the
genomic DNA fragments digested with BfaQ)( Adaptor molecules ligated to the fragment of interest. The adjacent DNA
sequence is amplified by neste€R andsequenced to uncover the transgene integratten3). The arrow lines indicate the
forward and reverse primers

Table 36 - Primers used foradapter generation andunknown flanking sequence bynested PCR.

Primerpar Sequence (506 to 30) Sense

Adapter GGGGAAAAGGGGAAACCGAGGAATTCTAGAAAGGAGG Forward
TATGCACCTCCTTT-H2N Reverse

PCR 1 GGGGAAAAGGGGAAACCGAGG ForwardReverse
GTGGTTTGTCCAAACTCATCAATG Reversé-orward

PCR 2 CCGAGGAATTCTAGAAAGGAGG ForwardReverse
CTCATCAATGTATCTTATCATGTCTGGATC Reverse/Forward

Underlined primer pair sequences are designed to bind to the vectorette amdiadimed to the SV4@olyA. The primers from
PCR 1 and 2 sensiependsf the transgenis integrated in sense or reverse orientation.
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Table 37 - Mix componentsand conditionsfor annealingthe adapter for vectorette PCR

Component Volume (gL)
Oligo 1 (100uM) 1.0

Oligo 2 (100uM) 0.5

10x T4 Ligation Buffer(Promega) 1.0
Nucleasédree water To 10.0

Annealingconditionswere37°C for 30 min, 95°C for 5 min, armbol down to room temperature on the bench.

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

Component Volume (gL)
Annealed oligos fronTable37 2.0
10x T4 Ligationbuffer (Promega) 1.0
T4 DNA Ligase(Promega) 1.0
Digested genomiDNA (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
5 mM dNTPs 1.0 denaturation
10 eM Primer 1 05 Denaturation 30 95
10 &M Primer 2 0.5 Annealing 30 60 7
- Nucleasdree water 18750 Elongation 300 68
5 W/ e TaqDNA Polymerase 0.250 Initial 180 95 1
L . denaturation
- Ligation reactionTable38) 1 .
- Denaturation 30 95
Final volume 25 )
Annealing 30 60 40
Elongation 120 68
Final _ 600 68 1
elongation
Hold b 4 -

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

Table 40 - PCR reaction mix and cycling program for nested PCR, PCR2.

Stock

Time  Temperature

concentration Component Volume (L) PCR step (s) C) Cycles
10x ThermoPol® Buffer (NEB) 2.5 Initial _ 180 95 1
5 mM dNTPs 1.0 denaturation
10 &M Primer 1 05 Denaturation 30 95
10 e¢M Primer 2 0.5 Annealing 30 60 40
- Nucleasefree water 18750 Elongation 120 68
5 W/ e TaqDNA Polymerase 0.250 Final 600 68 1
- Ligation reaction Table38) 1 elongation

. Hold b 4 -

Final volume 25

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

After finding the integration site of the transgene, few conventional R@Rsperformed

to validatethe sequence of the integration sif@e primer sequences are showf abble41, and
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the PCR mixes wer@assembledwith a conventional Tagoymerase (NEB) for detailed

information see sectioh.4.1

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

Name as

L . Annealing  Elongation Band
|1n4F|gure Target Sequence (506 to 3 Sense Temp (°C)  time (s) length (bp)
44 o, GOCACCTTGGTGTTCCTATC Forward ‘é"(‘)'g;ype'
g junction
PCRL  (chr5isva0) 60 30 Agt-Tg -
GTGGTTTGTCCAAACTCATCAATG Reverse T
 GGCACCTTGGTGTTCCTATC Forward ‘é"(‘)'g;ype'
PCR1.1 5 Td9junction 60 45
(Chr 5fAgt) Agt-Tg -
TGCACTTTCTGGGCAGAGTG Reverse e
hGFAP 5end CACATGTCCAAATGCAGAGC Forward ‘r’]"(')'g;ype -
PCR 2 region in Agt 58 30 AQt-T
Tg TGTAGAGATAGGGTCTTGCC Reverse 12;' g-
5 Tgjunction GGCACCTTGGTGTTCCTATC Forward ‘é"(‘)'g;ype )
PCR3  (Chr 60 30 AT
5/hGFAP) GAACATTGTGTCTGTGCCAA Reverse 780' 9
4 1o incion CTGCTTTGTCCAAACTCATCAATG  Forward ‘r’]"c')'gteype'
g junction
PCR4  (swa0/Chr 5) 60 30 Agt-Tg -
TCACCCACTTTCCCAGCTTC Reverse Moo
4 1o oo CTGCTTTGTCCAAACTCATCAATG - Forward ‘r’]"c')'gteype'
g junction
PCR4.1 (g, 20/cm o) 60 60 AgtTa - up
GTGGTTTGTCCAAACTCATCAATG Reverse 1K
4 Tauncion  CTCGTTTGTCCAAACTCATCAATG  Forward ‘r’1"(')'gteype'
gjunction
PCR42 (5, 20 cn ) 60 90 AgtTa - up
CAAACTGTCGCCCAGCTTATTG  Reverse oo oK

Tg = Transgene-or better overview refer teigurel14 at sectiord.1.2

3.4.15 Agt-Tg transgene integrationmapping by nanopore sequencing

In addition to the vectorette PCR, the transgene integration sital@tasmired by nanopore

sequencingThis experiment was penfmed in collaboration with Dr. Veniamin Fishmanthe

Institute of Cytology and Geneticd the Novosibirsk State Universitidigh molecular weight

genomic DNA was extractefdom freshly colleatd EDTA-whole blood (see sectidh3.7) from
an AgtTg mouse with the kiwizard® HMW DNA extractionkit (Promega This kit allows to

extract DNA fragments up t600 kb which is ideal for longeading sequencing such as the

nanopeoe sequencing-ollowing manufactungs instructions, the last two steps are: 1) wash the
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DNA pellet with 70% ethanol; 2) resuspend the DNA pellet in solufidre last step (DNA

resuspension) was omitteahdinsteadthe DNA pellet wasair-driedfor 1 hou andshipped

3.5 Hematology methods

3.5.1 Capillary hematocrit

Freshly collected blood inta lithium-heparintube (see section 3.3.7) was transferred to a
hematocrit glass capillaryHirschmann).One of the tub&s extremities was closedith a
dedicatedsealing clay (Brand The tubes were centrifuged at.Q@0 rpm for 10 rm in a
hematocritcentrifuge (Hettich), and the percentage of red blood cells (RBC) was deduced from

total volume measured with a digital caliper (Wabeco).

3.5.2 Mouse dinical hematology

Whole blood collected intoEDTA-coated tubegsee sectio3.3.7) was kept at room temperature
to preserve cell morphology, and blood cell analysesewarried outwith an automated

hematology analyzer (IDEXX#ProCyte DX) within 4 burs after sampling at the animal
phenotypingacility of the MaxDelbriick Center for Molecular Medicin@erlin).

3.5.3 Rat clinical hematology

10 week old rats were sacrificed by isoflurane overdose, and tlasdollected from a cardc
puncture into EDTA-coated tubesimmediately after deathBlood cell composition was
quantifiedshortly after samplingising & automatedveterinaryhematology analyzers¢il Vet
abc, SCIL Animal Care).

3.6 Histology methods

3.6.1 Paraffin sectionspreparation

Brains anckidneyswerefixed in 4% PFA for at least week.The organsvere dehydratedsing
aspin tissue processdticrom STP 120 (Thermo Fisheiccordingly, brains and kineyswere
rinsed twice in PBS and subjectedawascending ethanaehydration(twice in 70%, twice in

80%, twice in 96%) additionally incubatedtwice in isopropanol andwice in xylol, each
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incubationlasted1 hour. Brains and kdneys were embedded in paraffan preinfiltration step

with paraffin forlhourat 67 e C and f irepaating thenprevidus im feeshiparaifin st e p
5 pm brain andkidney sections were cut usingy automatic ncrotome HM 355S (Thermo

Fisher), and collected omicroscoly adhesion slidesThe slides were auried overnight and

before usage in the staining protocols were deparaffinized and rehydraytol and descending

ethanol concentratiorfsllowing sequencethrice inxylol, thrice in 100% ethano] once in90%

ethano] once in80% ethanol once in70% ethano] once in60% ethano) once in50% ethano)

once in4d0%ethano] once in30% ethanol antvice inddHO, each for 5 min

3.6.2 In situ hybridization using RNAScope technology

To visualizethe transgene Agt), in situ hybridization (ISH) using RNAScope technology was
usedwith a specific probe designed Bdvanced Cell DiagnosticERn-Agt-O1 #553841, Lot
#20205A. The designedtargetspecific ISH doubleZ probes(ZZ-1SH) with its specific signal
amplification technologybinding exclusively to paired Z probesllows visualization of single
RNA molecules.This assay consists of maindysteps: first, tissue sections are permeabilized;
second20 ZZ-ISH probes bind to RNA moleculethird: preamplfier oligonucleotide molecules
linked to several amplifiers containing multiptelor moleculesbind to ZZ-ISH probes; fourth,
single molecules of RNA are visualized with light or fluorescence microsédi®y. rehydragd

as described in sectid®6.1 brain sectionsvere mounted onsuper frost glass slideand air
dried for 10 min Section were incubateslith 3% H20O, for 10 min at RTto block exdogenous
peroxidaseandH>O, was removedavashng the sections withltrapurewater.Sections were then
heatedat 10G 104 °Cin antigen retrievabuffer (RNAscope Target Retrieval, Ref. #322001,
Advanced Cell Diagnostics (ACD)) ia steamer for 15 min, washed irstilled water followed
by a wash with 100% EtOHyndair dried for 10 minThe sections were then incubated with-pre
warmed ISH target probe pairs at 40°C in the hybridization oven far &ftér incubation,
sections were washed with RNAScope washing buffee signal was amplified using the pre
amplifier and amplifier conjugated to alkaline phosphatase and incubated VH#stRed
substrate solution for 10 min RT, according to the instructions of the manufaEixecess of dye

was removed by washing the sectionsllinapurewater.Before microscopy visualization, brain
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sections were either counterstained with hematoxXgiinnuclei visualizationor dualy stained

with immunofluorescence for GFAP, as describesection3.6.3

3.6.3 Immunofluorescencecombined with RNAScope

Brain sections submitted tbe RNAScope ISH prtwcol (sectior3.6.2 or 5 um rehydrated brain
sections (sectiord.6.1) were incubated in PBS for lotr at room temperaturéAntigens and
epitopes were unmasked by boiling the sections in sodium citrate lfUéble 42). Sections
were washed twice with PBS for 5 mandthen blocked by incubation with 10% normal donkey
serum diluted in PB%or 1 hour at RT. Brain sections were incubated overnight at 4°C inead w
chamber with a primary antibodgnti GFAP)diluted in PBSTable4). On the next day, sections
were washed 3x for 5 meachwith PBS,incubated witha suitable secondary antibodyuted in
PBS for 2hoursat room temperatun@ a dark roomFinally, sectios were washed 3x for 5 min
eachwith PBS, andvere mounted with Vectashield mounting medicomtainingnuclei staining

4, 6-diamidino2-phenylindole (DAPI) and covered with a cover slip.

Table 42 - Buffer used for immunofluorescerce

Buffer Components

10 mM Sodium citrate
0.05%(v/v) Tween20
Phosphatéuffered saline (PBSpH 7.4 SeeTablel5

sodium citrate buffer, pH 6.0

3.6.4 Immunofluor exence in cryosections

Sample preparatiarMice were sacrificed and the whole brains were carefully removed and fixed
in buffered4% paraformaldehyde solution (Otto Fischar) fériurs at 4 °C. Thetrains were
transferred to 30% (w/v) sucrose solution and incubated at 4°Chmtirainsunkto the bottom

of the tube (~ 3 days). Brains were therz&o in isopentane on dry ice and storee2@t°Cuntil
cryosectioning. 50e m raim coronal cryosections were prepangsing a cryostat (Thermo
Scientific) fixing brain sampleat the platform with Tissudek (Sakura).The sections were

washed at room temperature twice with 1x P8&tmoveexcess offissueTek.

Immunostaining:Free-floating sections were permeabilized by incubationRBS 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 abom temperatuteBrain sections werthenincubated for at least 20
hours at 4°C with a primary antibody (am®tVP) diluted in PBS Table 4). Subsequently,

-88-



Material and methods

sections were washed 3x with PBS to remexeess of primarantibody and incubated with a
secondaryantibody conjugated to a fluorophore (ar@bbitCy3, Table 4) for 2 hours at room
temperatureSections were then washed 3x with PBS amainted on SuperFrost® Plus slides,

air dried for 30 minutes and coverslipped with Vectashield mounting mediumrgngtauclei
staining DAPIl.Images were taken next day using Keyence light/fluoresecence Microscope (BZ
9000, Germany).

3.6.5 Haematoxylin-Eosin staining

Kidney HaematoxylirEosin (HE) staining was performed to have a general morphological
overview of the orgain the different mouse strains. Deparaffinized and rehydrated sections were
initially incubated 10 min in tap water. To stain the cellular nuclei, the slides were intiudate
haematoxylin for 5 min and washed 3x with tap water, 10 min each. To edmaematoxylin

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, %5w/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 caer slip. Slides were allowed to ary for at least 24 durs before the

observation and pictusevere obtaineavith an inverted microscope BZ000 (Keyence).

3.6.6 Picro drrius red staining

Renal fibrosis was visualized using tphiro sirius red staining teclioue. Deparaffinized and
rehydrated sections were washed with tap water fonibOAfter, the sectionsvere incubatedh

Picro Sirius Redsolution (0.1% Sirius red F3B in saturated aqueous solution of picric acid) for 1
hour at room temperaturd-inishingthe incubationthe slides were washed twice with acidified
tap water (0.5% glacial acetacid), dehydrated (3x 100% ethanol), cleared with xylene, and
coverslipped using Eukitt mounting medium (ORSAtec GmbH, Bobingen, Germany). Slides
were allowedto ar-dry for at least 2sours before the observation and pictsigere obtained

with an inverted microscope BZ000 (Keyence, Osaka, Japan).
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3.7 Biochemistry methods

3.7.1 Plasma andurine clinical chemistry

Several plasmatic and urinary biomarkers waeeasured using an automated chemistry analyzer
AU480 (Beckman Coulter, Brea, USAY trainedpersomel at the animal phenotypirfgcility of

the Max Delbrick Center for Molecular MedicineElectrolyte measurementseve performed
with ion selective electras and other parameters with colorimetric reactions that are
photometrially measured. The following parameters were measaredne (sodium, potassium,
albuminand creatiningd and plasma(sodium, potassiunghloride, albumin, total proteingjrea,
creatining glucosg. Blood urea nitrogen (BUN) was calculated using the formula BUN =
(Urea0.467). Plasma osmdity was calculated with the formula Osmolity =
{[2(Na)+(GLC)]/[18+(BUN)/2.8]}. Note: Plasma electrolytes vege measured from blood

collected in a tube containing lithidheparin MiniCollect®.

3.7.2 NE quantification

Urine samplesverereadilyusedin the ELISA while kidneyswere homogenizedith abenchtop
homogeni zer (MP Biomedical s, Germany) -8nd Fac
ceramicmatrix beadqdiameter 2.8 mm)YMP Biomedicals) Kidneysand mesenteric arteries
werehomogenized 1:4and 1:10Qw/v), respectivelyin tissue NE homogezation buffer(Table

43). The homogenization inacid solution prevents NE oxidation during homogération.
Homogenateswere then centrifuged at 10001 g f or 10 amdihe supetnatadt A C
collectedinto a newtube andused for NEmeasuements NE levels were measuraasing an
enzymelinked immunosorbent assays (ELISA) kit (Labor Diagnostika Nord, Nordhorn,
Germany)following manufacturds instructions. Brieflyfirst, NE is extractedusing a 48well
platecontaininga cisdiol-specific affinity gel, acylatecandenzymatically metabolizedecond,

a competitive immune assay performed transferringhe extracted NHo a 96well plate
containingantigen bound to its solid phase. Thiagh, antiserunis added to the plate and washed

out. Finally, the amounbf remainingantisera bound to the plate is quantifeéd50 nmusing an
antibodyanti-rabbit IgGperoxidase cgagate Sample NE concentrations were deduced fagn

points (0 - 1000 pg/mL) standard curve prepared with supplied standaideary NE

concentration was normalized to the urinary creatinine leweltsle tissue NE to the tissue
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weight obtainedeforethe homogenization with a precision balante avoidany interassay

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

Table 43 - Buffer used to homogenize tissues for NBuantification.

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

0.01 NHydrochloric acidHCI)

3.7.3 Urinary Nitrate and Nitrites (NOXx)

To estimate overall nitric oxid@NO) productionthe byproducts of N@netabolism (nitrate and
nitrites) were quantifiedn timed urinesamples using a commerciahitrate/nitrite colorimetric
assay kit (@yman. First, urine samples werdailuted 1:40 (v/v) inultrapurewater. Second,
nitrate was enzymatically converted to nitrite using nitrate reductase. Third, NOx (nitrite) levels
were calorimetricallymeasureddding the Griess reagethiat leads to the formation of a purple
azo compound that was measured at 540 nmmaty sample NOx concentration wealculated

using anitrite standard curvsupplied with the kit

3.7.4 Protein extraction

Frozen organs were weighed using a precision scalehamibgenized irRIPA buffer (100

mg/mL, cell signaling)supplemented with protease and phosphatase cocktail inhil8torgples

were homogenized-2 ti mes (depending on the oréan) [
ceramic matrix beads (diameter 2.8 mkhP Biomedical) for 40 s at speed level 4 using a
Benchtop bmogenizer, FastPreépt (MP Biomedical). After homogenization samples were
frozenandthawed3 times to break intracellular membranes, mudibated on a wheel shaker for

30 min at 4 °C. Nextellular debris were separated by centrifugation 2203y for 10 min at 4

°C. The supernatant was transferred into a cleaiml %ube andstored at-20 °C until usage.

Plasma protein extracts were prepared diluting Efplasma inultrapure wate(1:10, v/v).

3.7.5 Protein concentration determination

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

commercial kit (Sigma) In this method, proteins reduce €t to Cu, which reacts with
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bicinchoninic acid forming apurplecolored complex withshadeintensity proportional to the

protein amountFor theprotein quantification assaproteinextractswere dilute either1:10 or

1:20 in utrapure waterThe assay was prepared mixifg ¢ Llsampléand1 00 &L of wor K
solution (4% copper sulfate armcinchoninic acid 1:50) freshly preparedn a 96-well plate

After mixing the protein extract with the reageahie plate was incubatddr 30 min at 37 °Cand

the absorbance read with a microplate reader at 56Ahisamples were pipetted in duplicate

and each measurement (plate) contained a 5 points standargpepaesd wit BSA (0.1 - 1.0

€ g / .elrLaddition, a zergblank) measurement was performed mixing the sample preparation

buffer with the working solution as above, the resulting absorbaeasurement was subtracted

from standardhll curvepointsand samples. Protein levels were calculated using the line equation

generated by plotting the linear standard curve values.

3.7.6 SDSpolyacrylamide gel electrophoresis (SD®AGE)

Sodium dodecykulphate(SDS) polyacrylamide gel electrophoresis was used to separate tissue
extracted proteins by their molecular weigRtoteinsextracts from sectio.7.4 were mixed

with 4x concentrated reducing buffeased on théaemmli formulation (Carl Roth) Proteins
were denatured by boilinghe mixtureat 95 ‘C for 5 min This buffer contains SDS arfu
mercaptoethanoWhich denaturethe proteins resulting in linegsolypeptideswith the same
charge to molecular mass rat®DS isa negatively charged detergent that uniformly binds to
proteins resulting in lineasequence meaning tha¢condary, tertiary and quaternary structures

are lost andb-mercaptoethanatreversibledestroysdisulfide bridges

Gels were casted using a 1 mm RROTEAN® Tetra Handcast Systems (BRad)
casting 4,5 cnof 10 or 15 %eacrylamide/bisacrylamidgel (Table44). Immediately after pouring
the gel, ImL of waterwas added mtop to develop a straighten line. After polymerization water
was carefully removed withWhatman papestripe and2.5 cm of5% acrylamide/bisacrylamide
stacking gelvasadded(Table44). A combcontaining either 10 or 15 wells was added to the gel,
and aftergel polymerization ged were wrapped in wétap water) towepaper and stored at 4 °C
until use but not longer than a mon#®-5 0 of denatued proteinswere loadedn a gel and
the gels run using the electrophoresis buffieable 45) in a gel electrophoresis chambgio-
Rad). Electrophoresis was performed first fated voltage60 mV until the proteins migrated

from the stacking into the separating geid120 mV until the dye front migrated out of the gel.
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One of the wells was loaded with lH. molecular weight markePr eci si on pl us
standards all blugBio-Rad).

Table 44 - Composition ofthe 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 TrisHCI pH 8.8 5.0 mL 5.0 mL -

1 M Tris pH 6.8 - - 1.0mL

SDS 10% 200pL 200puL 80 L

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

10% (w/v) APS 100pL 100pL 50 uL

TEMED 20pL 20pL 20pL

The volume shown is used to cémtir Immgels.

Table 45 - Composition of the electrophoresis buffer.

Buffer Component
192 mM Glycine
10x Electrophoresis buffepH 8.3 25 mM Tris

0.1%(w/v) SDS

3.7.7 Western blotting

Proteins separated by electrophoresis were transferred from thePSGE gel onto a
nitrocellulose membrane. The stacking gel wersoved,and the separating gel was placed in a
A s a n d.vwor¢his Whatmanpaper andhe membrane were shortly rinsed iransfer buffer
(Table46), and mounteé as 3x Whatman paper, membrane, gel and 3x Whatman pBpatein
transfer was performedsing a semdry transblot turbo (BidRad) at 25V, 1.0A for 30 min.
Membranes were stained revergitlith Ponceatsolution for 35 min (Table46), the membrane
was rinsed in tap water to remofenceauexcess Transferquality and equal protein loading
control were visually controlled observing tRenceau staining patterfio remove thdonceau

staining the membranevas incubateth PBST for 20 min (Table46) under constant rolling.

Subsequently, membranes were blocked with a PBS based blocking solutGOR)I
for 1 hour at room temperatureAfter blocking, membranes were incubated with the primary
antibody which wasliluted asshownin Table4. 5 mL of primary antibody was incubated with

the membranevernightat 4 °C under constant rollin@n the next day, the pmary antibody
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was removed and the membrawas washed twice with 10nL of PBST for 10 min. After
washing, membranes were incubated with an appropfiateescent conjugatedecondary
antibody(Table5) for 2 hours at room temperature. Membranes were washed twice witih. 10

of PBS for 10 min Finally, the membrane was scannesing an Odyssey infrared imaging
system (LICOR). The signals wereisualized and/or analyzedusing the Image Studio Lite
Software(LI-COR). For protein quantification,rbin andkidney protein levels were normalized

to glyceraldehyde&-phosphate dehydregase (GAPDH) following the protocol abowsing the
same membrand’lasma Agt levels were normalized to a total protein stain of the membrane

with a commercial kit (LICOR) after protein transfer and before membrane blocking

Table 46 - Composition of the transfer buffer.

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

20% (v/v) Methanol

0.5 % (w/v) Ponceats

Ponceau staining solution . .
¢ 1 % (v/v) Acetic acid

PBST 0.05 % (v/v) TweerR0in 1x PBS fronmiTable15

3.7.8 Angiotensin peptidesquantification

Tissue angiotensin peptides levels were measuredplasma and brainusing liquid
chromatographitandem mass spectrometrylC-MS/MS) by the company Attoquant
Diagnostics (Vienna, Austriggxcept for one experimeim section4.3.1.3where plasma Andj
levels were measured using radioimmuroassay as described I8chellinget al. (131) This

experiment was performed befdhe startof this PhDthesis

Sample collectionA cardiac punctureras us ed t ol af bood watlta 23 6 eedle ¢
coupledtoaInLs yr i nge c oLnofaablood icallegtiordoBktai¢(specific inhibitors for
Ren and aminopeptidases, EDTA, pepstatin Arhyglroxymercuribenzoic acid and
phenanthrolineprovided by the companflood wascentifuged at3000g for 10 min at 4°C ,
andplasmawastransferred to a new tube, and snap frozen iAdryWhole brains were rapidly
removed from the skylbriefly washed irnice-cold PBSto remove blood excessd snap frozen

in liquid nitrogen. Finally, the samplébrains and plasmayere shippedn dry-iceto Attoquant
diagnostics (Vienna, Austridr the LGMS/MS Ang peptides quantificatian
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Sample processingnd quantifications These steps were performedAdtoquant Diagnostics
(Vienna, Austria)as previouly described(78, 132) Briefly, whole brains werepulverizedin
liquid nitrogen and immediately dissolved irsolution (ice-cold 68V guanidine hydrochloride
supplemented with 1 % (v/v) trifluoroacetic aci@rain homogenates and plasma were spiked
with known concentrationsf stable isotopéabeled internal standards peptidesAng I, Ang Il,
Ang Ill, Ang 1-7 and Angl-12 previous toC18-based soligphase extractioandLC-MS/MS.

3.8 Computer biology methods

3.8.1 Genomewide association study(GWAS)

Experimental measuremeni&he acutebaselineMAP of 67 F2 AgtKO (males andemale$ was
established as described in sect®8.3 In addition, the MAP phenotype was correlated to the
wet heart weight measuré¢ol confirm the phenotype (see secti®3.8. In case the heart weight
was not in the expected range for the animal measured MAPsatnplein questionwas

excluded from the analyses.

Genomewide association study (GWASQhe resulting SNP mapping sequences okémples
generated by Neogen (Scotland, UK) as described in se@iéri3 were analyzed in
collaboration with Dr. Zouhair Aherrahrouand Syed M. | Haider from the Institute for

Cardiogeneticsat the university of Libeck. Briefly, out df43259 markers from the GIGA

MUGA, 33.069 autosomalpolymorphic markersAiSNP® among C57BL/6 ard FVB/N were

identified and usedor the analysesThe dataanalyss was performed with PLINK 1.9 or 2.0
using twologistic regressiormodelsa generaladditive modeland a @minant modelIn the

dominant model hypotensive mice were treated as conaslS57BL/6) and normotensiveas

caseqgasFVB/N).

3.9 Statistical analyses

Statistical analysis and graphs were performed using the GraphPad Prism sd¥atarare
displayed as mean + SD wrean £SEM. Data Gaussian distribution was tested using D'Agostino
& Pearson omnibus normality tesss well asShapireWilk, and KolmogorovSmirnowtest

(depending on the sample sizBata was analyzed by tw®i ded wunpairedtor
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teststo compare means differences among two groups. For comparison of more than 2 groups
oneway analysis of variance (ANOVA) with pebkbc test ofTukey was appliedTo calculate

the effect of two variables of interestway ANOVA f ol |l owed bywasTukeyo
used To access treatment effect overtime among different experimental grewpy,répeated

measure ANOVA followed by Tukey’s or Dunnett’s multiple comparispost hoctest was

applied. Differences between two groups withPavalue < 0.05 were considered statistically
significant; the symbols representing tlieegree of significancare included in each figure

legend.
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4 Results

4.1 Basiccharacterization of Agt-Tg AFVB/N-Tg(hGFAP-rAgt)24Bdro

Agt-Tg wasalreadygenerated beforéne startof my PhD projectThe major goal was to increase
brain RAS activity by increasinthe expression of the RAS precursor protéigt. To achieve
high levels of brain Agtthis transgenic mouskne overexpresses thrédgt gene under the control
of the hGFAP promoterThus, Agt is overexpressed iastrocytesnvhich isthe main cell type
naturallyproducing Agt in the brai(61, 71, 133)The model waghoroughlyvalidated 6 assure
that anycardiovasculaphenotypedeveloped is due to central RAS activitgtead ofoff-target
Agt expressionThe most relevartests fortransgenianodelvalidationtypically includecellular
specificityandquantification oftransgene expressipgspecially forsecretegroteinssuchas Agt
with receptors binding to Agierived peptides locatedrtually in all cardiovascular organgith
potentialto modulae cardiovascular homeostasis

4.1.1 Generation and establishment of AgilTg

Following the pronuclear microinjection procedure, all putative line founders were genotyped.
The genotyping PCR indited the presence of one positive founder; ttaasgenianouse was
bredwith wildtype FVB/N. The genotyping of th&1 generation confirmetransger germline
transmission anthe Agt-Tg line wasestablishedin addition,the males and females frothe F1
offspring were crosseavith FVB/N wildtypes and both generatddters containing transgenic
and wildtype miceln subsequent breeding rountstrozygoudransgenis wereintercrossedo
induce transgene homozygosity the F2 The expected mendeliaratio for the offspring's
genotype is-75% transgené5% Tg/Tg, and 50%rT g/wt) and~25% wildtype(wt/wt), however
the genotypeof 103 offspring yielded ~50% transgenic and50% wildtype (Table 47). In
addition,a PCR mix with3 primers at the transgene integration site was useskarch fomice
with biallelic copies of theéransgeneHowever, the PCR indicated thalt transgenianice (59)
contained monoallelic transgenecopies In addition, stillborn and poshatal mortality was
apparently not different amoriye heterozygous Aglg and wildtype genotype€ollectively

the genotypimg of Agt-Tg in the breeding schemes mentioned alrevealed 3nain featureof
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this line First, males and femaleare fertile; second, the transgene is not integrated in one of the
allosomss; third:a failure to induce homozygositne possible explanation is that t@nstruct
integrationmay have disrupted key genomic regiowhich isessential during developmesud
therefore homozygous transgenic miaee notviable However heerozygousAgt-Tg mice
developed normallyseeTable 48 in section4.2), and do not display angross morphological
alteration. Therefore, we decided to furthealidate the model and perforthe cardiovascular
phenotyjng in thistransgenidine.

Table 47 - Stratified genotyping of 1@ offspring from confirmed heterozygousAgt-Tg parents.

Sex Agt-Tg genotype Observed Expected
Positive, Tg/wt or Tg/Tg 59 77.25
All Negative wt/wt 44 25.75
G P =0.0001
Positive, Tg/wt or Tg/Tg 28 34.5
Males Negative, wt/wt 18 115
G P =0.0269
Positive, Tg/wt or Tg/Tg 31 42.75
Females Negative, wt/wt 26 14.25
& P =0.0001

4.1.2 Transgene integrationsite mappingand copy number

Random foreign DNA integration in the genome may rewegrecedengene functiong134).
Since homozygosity of the transgene igt-Ag mice was not compatible witifd, magping the
exact transgenetegration sitebecamean attractive experiment to be performéar this a
vectorette PCRtrategy wasised and complemented with nanopaequencing. Aftedigesting
Agt-Tg genomic DNA with Ba | and ligatingwith a correspondingdaptor we could poinbut
that the transgene integrated at the mouse chromosome 5 in the skgwmin Figure 14A.
Because th sequencing analyses showeldromosome 5 sequence in forward orientation and
SV40-PolyA in reverse, we assumed the transgene integrated in reverse oriessagpnesented

in Figure 14A. This was confirmed using conventional PCR used to amplify the tran&jene
SV40-PolyA junction with the fragment sequerciom the transgenic animgPCR 1 Figure
14A,C). In parallel, a long read from the nanopore sequencing confirmed the integration site at
chromosome 5, and additionally revealed thgiart (~350 bp) of the 5" end ofthe original
hGFAP promoter was lost anthere was a fragment ofSV40-PolyA integrated upstream in
reverse orientationF{gure 14B). To confirm thata part of thehnGFAP promotersequence was
lost, we attempted t@mplify with conventional PCRhe putative deleted region in Agig but
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failed, confirming thenanopore sequencing findingPCR 2, Figure 14A,C). The transgene
orientation suggested by tm@noporesequencingvas validated (PCR 1.Eigure 14A,C) and

(PCR 3, Figure 14B,C). Agt-Tg showed positiveamplification only in PCR3 (Figure 14C)
suggestingthat the transgene inteded insenseorientationregarding the reference sequence
(Figure14B). We attempted to map the transg&iend integratiorsite usingprimers in reverse
orientation,74bp ~1Kb and 2.5Kkdownstream of the integrations séeits 5 endFigure 14B,

PCR 4 4.1 and 4.2 However,none of the PCRYyielded visual arplicons suggesting aeletion

larger than 2.5KMuring transgene integratiohefinal mapping of the transgene including its
location and orientation ishownin 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 deleteddowever the precise3” integration siteemains to beletermined

Often transgenic rodents contain multiple copies of the transgene because it usually
integrates in tadem (135) This could potentially lead to chromosomal recombination events
explaining the SV40 polyA sequence at the 5" junctions of the integrated construct. However,
downstram copies of the insert would likely still have the full promoter sequence and because
PCR 2 atFigure 14B did not show amplification most likely a single copy of thensgene
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 veocdanparing
the Ct values between confirmed homozygous and heterozygouBgABecause 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 cantrols, and in addition mice harboring the
transgene with either 1 or 2 mAgopieswereincluded Figure 15A). Genomic DNA loading
was verified with byAdra2a Ct values Figure 15B). The comparison ofgCts amongthe
different mouse genotypesrongly indicates that AgEg harbors a single copy of the transgene
(Figurel5A).
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Figure 14 - Schematic repregntation of the mapped transgene integration.

Using vectorette PCRitransgene SMO0 poly A junction was found at the chromosome 5, and PCR 1 wasfaiseoinfirmation
Because the SMO0 was found in reverse orientation and chromosome 5 sequefasvard the transgene was assumed to be
integrated in reverse orientatigd). Using nanopore sequencirigturned outthat part of the hGFAP promoter was lost aad
piece of SV40 polyA integratedupstream of the promoter in reverse orientatiot hGFAPIn forward orientation(see red
bracket). This unexpected phenomenon was validated by RARand (B). Agarose gel electrophoregisoductsof the PCRs 1,
1.1, 2 and 3(C). Intergenic transgene integration at chromosomeith neighboringgenes The red arrow represents the
integration site of the transgerand markedn green the possiblydeletedchromosomal segemt during transgene integration
(D). PCR 4 4.1 and 4.2 werperformed to verify the 3"end integration of the transgenic witbvaise primerat the positios
~100, 1000 and 2500bp downstream of Hdransgendntegration site at Chr,5espectively However, none of these PCRs
yielded visual amplificationsChromosomal coordinates are basedGRCm39for the mouse reference strai@57BL/6). The
arrow lines indicate the forward and reverse prim@éhs 5 = chromosome B was generated onlife

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

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 gnomic DNA loading B). Note inA the gCt difference betweemAgt-Hom /Tg™!

x mAgt-Het/ Tg™" of 1 Ctis expecte@e 1 Ct per copyyalidatingthe strategy.qCt difference betweemAgt-Hom / Tg™! x
mAgt-Hom / Tg of 0.5 Ctindicate a single transgene cofpygAgt-Hom / Tdf, 2 mAgt + 1 rAgt). In addition,the factthere is no

gCt difference betweemAgt-Hom / Tg™! andmAgt-Het / Tg confirms the finding fiAgt-Het / Tgf, ImAgt + 1 rAgi). Finally,

the geCt differenceof 0.5 betweenmAgt-Hom / Tg' x mAgt-Het / Tg' confirmsthe transgene single copy integration in Agt
mAgt-Hom = 2 wildtype copies of th@Agt alele, mAgt-Het = 1 wildtype and 1 gene targeted copy ofithgt allele, Tg'= 0

allele for the transgene, 1 Tg 1 allele positive for the transgendgt).

4.1.3 Validation of the brain specificity of transgene expression

To validate the brain specificity of the transgene expression T égtjualitative RTPCR with
the same primer pair used for the transgene copy number identifi€atia® used in organs of
Agt-KO-Tg and wildtype. In thevildtype mice, Agt expression was observatdexpected tissues
as liver and brain. However, in A§O-Tg line, only brain expression was observed confirming
brain-specificity of transgenexpression not only in AgKO-Tg but also in Agilg (Figure16A).
Additionally, PCR products from wildtype and AO-Tg brains samples wesequencedand

the resulting DNA alignment of the sequences matched the mouse agtcBNAS in wildtype
and AgtKO-Tg, respectivelyBecause Agt is a secreted protein, the presence of Agt protein in
plasma was investigated in ABD-Tg and AgtTg using western btoFigure16B showsa lack

of the expected ~53 kDa Agt band in AQD validating thespecificity of the antibody.
Wildtype, AgtTg and rat plasméisplayed the characteristic Agt band as expected buk@gt

10 The primer pairrecognizs both mAgt and Agt cDNA, but it is designed at the deleted region of AgD.

Therefore any PCR product in AO-Tg must be transgeriée r i ved f#r Agt o
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Tg lacks plasmaAgt immunoreactivity indicating a lack of peripheral Agt production as wells as

alack of brain Agt spillover into the circulation.

A 1000 b W. Fat B. Fat Brain Kidney Liver S. Gland Lun, Bladder Heart
P [ 1 | 1 | l '_| r—" | ¥ 'l I — l | | l_"l H,0
500 bp WT BR WT BR WT BR WT BR BR WT BR WT BR WT BR WT BR
— — — — — - . «q Agt
— rg 299bp
100 bp = ’ - — — SENSEE . -—
—— - - - - - -— E—
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Figure 16 - Brain specific Agt expression in transgenic animals.

Brain-specific transgenicAgt expression in BR = brairescue = AgKO-Tg, and organ specific expression of the endogenous
mAgtin WT = wildtype @). Agt protein was detected by western blot in FVB/N (wildlypAgt Tg and rat plasma. Agt was not
detected in AgKO and AgtKO-Tg. An unspecific band was detected in all samples therefore useatlasyl control. Each lane
was loaded with 4Qig of plasma extracB). W=white; B=Brown; S= salivary and Mmuscle, HO = negative control.

4.1.4 Brain transgene distribution

To localize transgene expressian the brain ISH with the RNAScopenethodwas used. The
transgene was found to be widpread expressed in the brain of Agt mice (Figure 17),
including, the hypothalamic and brainstem regiohenecardiovasculahomeostasisontroling
nucleiare located as the paraventricular nucleus of the hypothalamus (Pighile17). Because
of the highly conserved mouse and Agjt mMRNA sequenceghe probe designed to target the
transgengrAgt) also binds tomAgt (Figure 17). Therefore, quantification ofotal Agt (tAgt,
endogenous + transgefraAgt + rAgf) andmAgt were performed usinBT-gPCR with specific
primers to quantify braildgt mMRNA see sectiod.1.5
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FVB/N

Brainstem

Figure 17 - Brain transgene expression visualization.
Chromogenic visualization of transgene expressising RNASmpe (red dots) iwildtype andAgt-Tg brain sectiog nuclei

were counterstained with hematoxy{lue dots). 8 al e bar = 500 em (magnification T2);
paraventricular nucleus of the hypothalamus (PVN)

In order to \alidateif the transgenes expressed by astrocytese combined RNAScope
for rAgt with immunofluorescence staining with an antibody against mouse GHgtre 18
showsabundant transgene expression in GFAP positive cells, demonstrating successful astrocyte

specific transgene expression.

- 103-



Results

Agt

Merge - DAPI

Figure 18 - Brain transgene mRNA localization in GFAP positive cells
ISH using RNAScope againsAgt (red) combined with immunostaining against GFAP protein (green) irTAgbrain, nuclei
were counterstained with DAPI (bluéc al e bar = 50 em

4.1.5 Quantification of transgene expressiom the brain

To quantify the brairtransgene expressian transgenic miceRT-gPCR wasused to measure
tAgt mRNA levels. Initially,tAgt mMRNA was quantified in whole brains of ABO-Tg and Agt
Tg. Figure19A showsincreased leeis oftAgt in Agt-KO-Tg and AgtTg. Next,tAgt expression
levels were quantified by RGPCR in key brain regions for cardiovascular contvdjt mRNA
was found increased in AJig hypothalamus Rigure 19B), and AgtKO-Tg and AgiTg
brainstem [igure 19C). mAgt expression was analyzed in the same samples with the same
method.Figure 19D-F shows that wildtype and Agif'g have comparable levetd mAgt mMRNA
in the whole brain asvell asin the cardiovascular areas, indicating a rsuppressive effect of
the transgene overexpression thre endogenousnAgt gene. Interestingly, ATIKO mice
presented a small increasenmi\gt only in the brainstenfFigure 19F). Additionally, Agt protein
levels were found increased in Agty whole brains by western blot quantificaticonfirming an
overall increasedrain RAS precursor protein Agt in Agtg central nervous systerfrigure
19G).
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Figure 19 - Brain Agt expression.

Total (rat and mouse) AgtAgt) mRNA expression in whole braid), hypothalamusR) and brainstemQ). Mouse Agt (hAgt)

mRNA expression in whole braib), hypothalamusK) and brainstemF). IncreasedAgt protein levels in brains of Agig (G).

For (A-F) values are mean + SDP<0.01,™ P<0.001;™ P<0.0001 vs FVB/N/#P<0.0001 vs AgtkO; (ANOVA followed
Tukeymultiple comparisopost hodes). For G) valuesare mean+SP<0 . 05, vs FV8dstN ( Studentds

In addition toAgt mMRNA GFAP mRNA levels were quantified in brain relevant aréas
cardiovascular contromainly for two reasons. First, AgO was previously described to
produce lower GFAP proteim experimentatold induced astrogliosi(136) Second, to test if
increased Agt expressioncould induce strogliosis itself therefore further increasingts
expression becaustransgeneexpression is controlledy the hGFAP promoter Agt-KO
presented reduce@FAP expression irthe hypothalamugFigure 20A) and brainsten{Figure
20B) but the Agt astrocytespecific expression did not recover the phenotyp&gihKO-Tg, and
Agt-Tg presented unaltered brain levelsSS6fAP mRNA. Finally, the levels ofAgt mMRNA were
measured to compare the transgene expression amonrBQAGY and AgiTg. Despite of
displaying slightly reduce@GFAP mRNA, AgtKO-Tg presented simitalevels of brain rAgt
MRNA in comparison to AgTg (Figure20C,D).
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Figure 20 - Brain expression ofGFAP and transgere fir Agto.

DecreasedsFAP mRNA levels inhypothalamus A) and brainstem(B) of Agt-KO and AgtKO-Tg. Comparable Agt gene
expression among Ag€O-Tg and AgiTg in the hypothalamusC) and brainstem(D). Values are mean + S[P<0.05 vs
FVB/N; (ANOVA followed by Tukey multiple comparisompost hodes).
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4.2 Morphometry

Baseline body weight was obtainFdm the most usethousestrainsat the age ofl3-14 weeks
which comprisesthe age used for the cardiovascular phenotyplnterestingly, AT1laKO
presented elevated boaleight (Table48). In addition,tibia lengthmeasurementsevealed that
AT1a-KO haslonger tibig indicaing this linelikely presents increased body si¥¢henthe body
weightwas normalized to thigbia length no differencean body weightwas observeéxceptfor
a trerd in AT1aKO (Table48). The wetweightof the adrenal grands, kidneysngs,and spleen
were indistinguishableamong alllines, exceptfor the spleen in Aglg that was heavier in
comparison to controlsT@ble48). The heart weight tibia lengthratio wasalsomeasuredsince

this parametestrongly correlated with the BEhe data is founth section4.3.2 Figure27.

Table 48 - Body and wet organ weightat age of 1314 weeks

Parameter (unit) FVB/N, n=7 AT1la-KO,n=7 Agt-KO,n=7 Agt-KO-Tg,n=6 Agt-Tg, n=8
Body weight (g) 29.6+1.7 32.8+2.1 29.4+0.9 28.9+1.7 31.6+2.0
Tibia length (mm) 17.4+£0.3 18.0+0.1 17.6£03 17.6+0.2 17.7+0.3
Body weighttibia length ¢/mm) 1.69+0.10 1.82+0.12 1.67+0.04 1.64+0.08 1.78+£0.10
Kidney weighttibia length (ng/mm) 12.7+0.51 136+ 1.75 12.09+ 1.00 11.09 £0.75 12.93+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
Speen weighttibia 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 kidneyAdrenal gland weight = both adrenals pollgdlues are mean + SLP<0.05vs FVB/N;(ANOVA
followed by Tukeymultiple comparisonest)

4.3 Brain Ang Il and cardiovascular modulation

4.3.1 Evidence of local brainAng Il formation

Modulatory effects obrain Ang Il on cardiovasculacontrolare largely acknowledged, however,
local brain Ang liformationlacks robusevidence A major caveat in the field is the very low
levels of centraRen and the truncate®en protein expressed in the brain accumulates in the
cytosol with no access teecretedAgt (77, 137) Furthermore, attempts to measure Ang Il in
rodent brain often yield very low or undetectablegAl levels. Another confounding factisrthe
peripheral Ang Il that can bind tits receptorsat the brain vasculatureand circumventricular
organs which couldpossiblyaccount for the detected brain Ang(M6). Because aynthess
pathway for brain Ang Il formation is not yet defined, we sought to use our newly generated
transgenic model with braispecific increased Agt production teerify if the brain Ang I

formation increases. In addition, wank advantage dhe transgene expression to be restricted to

- 106-



Results

the brainandused the brain rescued lifkgt-KO-TQ) lacking peripheral Ag(seeFigure16B) to
avoidcontamination byhecirculating Ang II.

Plasma LEMS/MS Ang peptide measurementietectedAng I, Ang Il and Ang Il in
wildtype, and as expected none of these peptides were detectedKOAgegative control)
Also Agt-KO-Tg had nodetetable levels of all peptidesieasuredin plasma(Table 49). The
brain ability toproduce Ang llin vivo was tested by measurirng peptidesin whole brain
samplesTable49 shows detectable levels of Ang Il in whole brains of-K@-Tg and AgtTg
while none of the peptides were detected in wildtype brémestestingly, both AgKO-Tg and
Agt-Tg despite abundant Ang Il levels lacked the canonical Ang Il precursor peptide Ang I.
Therefore, we attempted to quantify Angl2, a RAS peptide detected in tissues as the heart
which is believed to benaalternativeintermediate for localAng Il synthesis(138, 139)
However, Ang 112 was not detected in whole brains of AgD-Tg and AgtTg. Altogether 3
important features of brain Ang Il formation became evidEirst, the brain locally produces
Ang Il; secondbrain Ang Il does not spillover into the citation; third, the absence of brain
Ang | indicates a possibRenindependent Ang Il productian the brain

Table 49 - Plasma and whole brainRAS peptides measuremenby LC-MS/MS.

Plasma
RAS peptide(concentration)  FVB/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+0.0 <2 <2 NM
Ang 1l (omol/L) 14.6+£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+545 843+57
Ang Il (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 arenean + SDRed numbersepresenthelower limit of quantification NM = not measured.

4.3.1.1Brain Ang Il formation in cardiovascular relevant nuclei

As demonstrated in sectiaghl.4the transgeneAgt expression is distributed across the brain

similar to the endogenoumAgt. However, the major site(s) of brain Ang Il production are
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unknown. Immunofluorescence was ustedind brain regions with enriched Ang Il production
Agt-Tg which could be potentially explored in further studies to identibrain enzyme(s)
producing Ang Il. However, the staining patterns of -Agtand AgtKO were not different
indicating an unspecific bding of theantibody(data not shown Therefore, indirect markers
namely MAP response to Ang Il receptor blockade, vasopressin release;Fosl expression
were usedto validate if AgtTg and AgtKO-Tg produce Ang llat cardiovasculabrain centes

andbr brain Ang Il reaches these neuronal populations.

The MAP response t&AT1 receptor blockade was investigatedacute and subchronic
conditions.For this purpose, candesart@V-11974 was chosemue b its ability to crossthe
BBB thereforeblocking brain AT1 receptors in addition the peripheal ones(140) Theacute
treatment elicitech MAP reduction inwildtype, AgtTg and AgtKO-Tg but not in AGtKO as
expected(Figure 21A), collectively indicating that Ang Iproduced in the braiin transgenic
lines reaches cardiovascular nuclei and modsilBf, because AgKO-Tg without perifheral
Ang Il (see Table 49) respondedto candesartartreatment (Figure 21A). Administering
candesartanubchroncally for 3 days induced a similar pattern of MAP respdfggure21B).

A Candesartan acute effect B Candesartan subchronic effect
0.1 mg/Kg, iv 1 mg/Kg, ip
2+ 5-
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Figure 21 - Effect of AT1 receptor blockade with candesartan on BP.

30 minaveraged MAP response to candesarfgn Delta MAP after 3 intraperitoneal (once a day) injections of candes&}an (
In B MAP was measured 24 hours after the last injection of candesartan tcaautédffect Values are mean + SIP<0.01,

" P<0.001 vs FVB/N; ##P<0.00vs AgtKO (ANOVA followed by Tukey multiple comparison tes§P<0.06 vs FVB/N

(Studes)t 6s
Plasma leels of copeptin, a surrogate markerAfP (141) was quantified as another

functional reaebut for inceased brain Ang IIFigure 22A shows increased circulating copeptin

levels in AgtKO-Tg and AgtTg. The quantification of AVP mRNA in the whole hypothalamus

did not show a significant difference among the groups besidesdancy in AgKO (Figure

22B). Finally, brain sections containing the two major centers in the brain producing AVP (PVN
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and SON) were immonostainedaagst AVP. The represaative images inFigure22C indicate a
stronger AVP staining in the PVN of A¢tO-Tg.
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Figure 22 - AVP (Copeptin) release.

Increased circulating plasma levels of copeptin in-RG:Tg and AgtTg (A). Hypothalamic mRNA levels of AVPB|). Brain

sections immunostained for vasopressin (Red) containing the paraventricular nucleus of the hypothalamundPiN)
supraoptic nucleus (SONLJ. Values are mean + SD **p<0.01 vs FVB/N; (ANOVA followed by Tukey's té§x0.01 vs
FVB/ N ( Sttest)dSale baésare 200m.

AT1 receptos areexpressed by specifiteuronal populations that are in mostité cases
glutamatergicand control BP via SN (3, 33) Indeed intracerebroventricular Ang I
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administration triggers an increase in MAP and vasopressin release among diftbemt
physiological responses due to neuroaativation (142, 143) To test if Ang Il activated
cardiovascular nuclen mice with altered brain RAShe mRNA expression of the neuronal
activation marker ¢-os was quantified irwhole brain asvell asin areas with cardiovascular
centes (hypothalamus andrainstem) Interestingly, eFos was increased in whole brains of Agt
Tg but not in AgtKO-Tg eventhoughboth lines presented elevated brain AngHigure23A).
Hypothalamicc-Fos mRNA was increased in both A#IO-Tg and AgtTg, however higherin
Agt-Tg (Figure 23B). Finally, Agt-KO presentedslightly decreased -Eos expressionn
hypothalamus andrainstem(Figure23B,C).
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Figure 23 - Brain expression ofc-FosmRNA.

c-FosmRNA expression in whole braid}, hypothalamusR) and brainstemQ). Values are mean + SDP<0.01, " P<0.0001
vs FVB/N; #P<0.01, *P<0.001 vs Agt-KO (ANOVA followed by Tukey multiple comparisorpost hoctes). $8P<0.01vs
FVB/ N ( Sttest)he nnotidstected.

4.3.1.2 Ang Il receptor expression in braincardiovascular areas

Ligand abundancynay influence the receptor expressiorhus the expression of the Ang
receptorswas quantified inhypothalamus antirainstem Figure 24 shows that in general there
were few changes #tereceptormRNA expressiorevel. Hypothalamic expression of the Ab'l
receptor was found decreased in Agd, and AT2 receptoexpressiorwas reduced in AgKO-

Tg (Figure24B,C). In the brainstem, only the AT1la mRNA levels were found increased in Agt
KO-Tg (Figure24D). Altogether there is no clear Ang Il receptor expression pattern induced by
increased brain Ang Il, because AYD-Tg and AgtTg lack a common trend.
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Figure 24 - Ang Il receptor expression in hypothalamus and brainstem.

Hypothalamic mRM levels of the Ang Il receptors: AT1&A) AT1lb (B) and AT2 C). Brainstem mRNA levels of the Ang Il
receptors: AT1ald) AT1b (E) and AT2 F). Values are mean $D "P<0.06 vs FVB/N;#P<0.06 vs Agt-KO (ANOVA followed
by Tukeymultiple comparisopost hodes). n.d = not detected.

4.3.1.3Peripheral RAS homeostasisn Agt-Tg

Our data indicateshat peripheral and central Ang formation likely do not sharea common
pathway, howevelthereis evidencethat both systemsiaymodulatee a ¢ h  adtivitye(144) s
Therefore, we evaluated the impact of increased brain RAS activity on the peripheral RAS
homeostasis in Agtg. AgtTg hasnormal plasma levels of the RAS precursor protein Agt
measured by western bloEigure 25A). However, AgiTg presentededuced renaRen gene
expressn (Figure 25B) and reducedplasma levels ofAng Il, measured by RGPCR and
radioimmunassay, respectivelyfFigure 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 Agffg.
Unaltered plasma Agt protelevelsin Agt-Tg (A). Decreased renal expressionR#n (B), and plasma levels of Ang IC] in
Agt-Tg. Values are mean + SP<0.05,"P<0.0lvs FVB/ N tteStt udent 6s
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4.3.2 Establishment of baselinecardiovascular parameters

To measure the impact of lHfeng gain and loss of function of RAS componeatsbasal
cardiovascular parameteffdl AP andHR), two distinct invasive methodologies in freely moving
mice were usedAcute recordingsvere performedising salineheparin filled catheterg-1 hour),

and chronic recordings withadiotelemetry(24 hours for 5 days). Acute recordings/ealed
reduced MAP in AT&KO. Surprisingly, AgtKO were normotensivéFigure 26A). In former
studies, @pbal knockoutmice of Agtin mixed, C57BL/6and ICRstrains display ~25 mmHg
MAP reduction (112, 145, 146) Even more surprisingly was the fact that restoring Agt
production specifically in the brain of the AgfO line induced hypotension in A¢tO-Tg
(Figure 26A). The hypotensive effect is unlikely attributed to a primary effect of the transgene
integration, because Agtg 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
radiotelemetrythe only exception was Agdtg that displayed normotensibaselineMAP levels
instead ofraised ones (Figure 26B). All lines presented similar HR levels both recording
methodologiegFigure 26C,D). In addition, the baseline locomotor activityas estimated by
tracking the mice mament during radiotelemetry recordingsgure 26E shows no significant
difference in baseline locomotiodjscarding a possible effect on the BP caused by physical

activity level.

Our FVB/N Agt-KO line is undoubtedlyknockout because it lacks Agt proteirigure
16), Ang peptidesproduction (Table 49), presents the characteristic renal development
impairment(Figure38) and d@snot respond to candesartéfigure 21), moreover as described
in section3.2.2.2 we backcrossed thmixed strain backgrountiypotensive AgKO to the
FVB/N background.Collectively analyzing thebaseline MAPdata, it suggestsan atypical
differential role on BP regulation exerted by increased brain Ang Il production in FVB/N
wildtype and AgtKO mice,which may be unique tthe FVB/N strain butalsocould be present

in human subjectsThereforethese mouse linesere phenotygdin depthfurther.
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Figure 26 - Cardiovascular homeostasis.

BaselineMAP in freelymoving mice acutely recorded with saliheparin filled catheterA(), and by radiotelemetry (5 days 24
hours averagedBj). BaselineHR measuredvith salineheparin filled catheteiQ) and telemetryl). LA estimationby telemety
(E). Values are mean + SDP<0.01,™ P<0.0001 vs FVB/N/##$<0.0001vs Agt-KO (ANOVA followed by Tukey multiple
comparisorpost hodes). MAP = mean arterial pressure, HR = heart rate, LA = locomotor activity.

Additional components and aspects of the telemetric BP recordings were quantified to
deeperunderstand the BP phenotyilterations. The hypotensive lines ATK® and AgtKO-
Tg preented decreasedystolic anddiastolic pressuregFigure 27A,B). Interestingly the
normotensive AgKO presentedncreased systolic pressuffeigure27A) andconsequenthAgt-
KO displayed elevated pulse press(sgstolic- diastolic) (Figure 27C). The hypotensive lines
AT1laKO and AgtKO-Tg presented decreased pulse presgkigure 27C). The MAP, HR,
pulsepressureand systolic pressuréndings in AgtKO when analyzed collectively indicate a
possible increase in total peripheral resistance and/or vascular stiffness, factors that are
modulated by vascular sympathetic outfl¢¥8, 147) In other words, AgKO likely presents
increased vasoconstrictidarcing the heart to constrict strogrysystolic pressurecreasesjo
push the blood throughout the bodyo test if the hearts of AdCO are indeed strongly
contracting,the cardiac mass wameasured. Strikingly, AgKO presentedheavier heast in
comparson to wildtypeswhile the hypotensivelines, AT1aKO and AgtKO-Tg, presented

reducedcardiac masas predictedFigure27D,E).
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Figure 27 - Further BP and cardiac phenotyping

Telemetric measuremen(s days 24 hours averageaf)the basabystolic pressureA(), diastolic pressureB) and pulse pressure
(C). Heart weight(D). Representative pictures of wildtyp&gt-KO and AgtKO-Tg hearts ). Values are mean + SP<0.05,
"P<0.01,™ P<0.001,"" P<0.0001 vs FVB/N##P<0.0001 vs AgiKO (ANOVA followed by Tukey multiple comparisorpost
hoctes).5P<0 . 001 v s F V BttsN.SEPS systdiebobdipsessure, DBP = diastolic blood pressure.

Furthermore, the circadiamythmicities of the MAP, HR and locomotor activity were
calculated from th@4-hour telemetrydataobtainal. All lines presented a circadian rhytlona
strongstatistical tendency fahese parameteras expected atharkerswere increased during the
active phasef mice, night (Figure 28A-C). Interestingly the circadian MAPamplitude(night -
day) was higher in AgKO and AgtKO-Tg in comparison to controlgigure 28D) while there
were no circadian differences in the HR and (FAgure 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 HK@gthe 5
days hourly averaged MAP agell asthe HR and locomotionof Agt-KO and controlswere
plottedhourly (Figure28G). As can be observed Figure28A andG MAP values are highén
Agt-KO than in FVB/Nduring the dark phase, demonstrating thaitr inereasectircadianMAP

differenceis driven by higher MAP duringhe active phase.
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Figure 28 - Circadian profile of the cardiovascular parameters.

Telemetric measurements (5 days 24 hours averaged) aiutral and rocturnal MAP (A), HR B) and LA C), thegrey

background represents tdark period. Difference (nightday) mean of MAP), HR (E) and LA §). Circadian profile of the

HR, MAP and LA in wildtype and AgiKO obtained by continuous telemetry recording for 5 déilled and white intervals

below the x axis represent dark and light periods, respecti@lyFor (A-F) values are mean + SP<0.05,” P<0.01 vs FVB/N

(ANOVA followed by Tukey multiple comparisompost hodes). *P<0.05,*P<0.01,%%P<0.000lv s FVB/ N ( Sttudent 0s
test).For G, values are the hour average for each parameter + SEfWdanimals in each groupMAP = mean arterial pressure,

HR = heart rate, LA = locomotor activity.

4.3.3 SNA and baseline cardiovascular control

We suspected the noatension in adult AgKO to be a product of increased SNA, as a
compensatiorfor the RAS loss. To test this hypothesis, we submittegl same mice used for
cardiovascular baselineharacterizatior(section4.3.1) to a peripheralSNS ablation protocol
using 60HDA. Immediately, after baseline data acquisitiomce receiveds-OHDA for five
days while recording cardiovascular parametgrselemetry Cardiovasculaparametersvere
recorded for fiveadditionaldays after th&-OHDA treatment(Figure29A). Agt-KO presente@
stronger maximum MAP response teO6IDA (Figure 29B). This effect was rescued in the
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hypotensive AgKO-Tg (Figure 29B) indicating a higheBP dependency on SNA in A#O
mice.Agt-Tg presented potentiatedncreasan HR during 60HDA despitethe MAP response
to besimilar to the control grouypghis could be acompensatory effect of the HR to maintain BP

levels(Figure29C).
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Figure 29 - Cardiovascular response to pripheral sympathecomy.

Schematic representation of the cardiovascular phenotyping during peripheral sympathector@shywitbxydopamine &
OHDA) (A). Change from baselina MA P ( coMBA@JHR ( BR) (C) upon peripheral sympathectomy by treating the mice
for 5 days with BOHDA. Values are mean £/ for 4-6 animals in each groupP<0.05,” P<0.01, ™ P0.0001 Agt-KO post
sympathectomys FVB/N post sympathectomy*#P<0.0001 Agt-KO-Tg post sympathectomys Agt-KO post sympathectomy
YP<0.06 Agt-Tg post sympathectomys FVB/N post sympathectomf2-way ANOVA with repeated measuremefddiowed by
Tukeymultiple comparisopost hodes). MAP = mean arterial pressure, HR = heart,rgites intraperitonealThe illustration in

A was partially createth BioRender.com
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4.3.3.1 Vascular sympathetic tone

The 60HDA treatment impairs SNA across the whole periphery, thereforeanyovascular

organ or organ system modulated by SNA could potentially be involved in thesBénséound

in Agt-KO. In order to assesthe specifc contribution of the vascular sympathetic tone
(vasoconstriction induced by vascular sympathetic innervation firihgimaximal MAP drops
toaganglionic blocker, and ad)weraneeasgredndusedasept or
indirect markersSimilarly to the6-OHDA responseAgt-KO presented stronger maximum MAP
responses to the ganglionic blocker hexamethonieigute 30A), s well astot he U1 and [
antagonists, prazosirFigure 30B) and yohimbine Kigure 30C), respectively.This increased
response to the sypatholytic dugswasnot observed ithe hypotensive line AgkKO-Tg, but the

other hypotensive line AT1KO presented a stronger MAP response to praz@sgure 30B)

and yohimbine (Figure 30C). Finally, Agt-Tg also displayedenhancedvascular SNA,
characterized by increased response to hexamethonium and yoh{Figure30A,C). NE levels

were measured in therine andresistance vessglnamely mesentericarteries to indirectly

quantify SNAex vivo.However, NE was unaltered both urine(Figure 30D) and mesenteric
vesselgFigure 30E) with exception of NE levels ithe mesenteric arteries of A§D-Tg that

wasreduced Figure30E).
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Figure 30 - Acute MAP response to sympatholytic drugsand NE levels

Maximal MAP responsénduced bythe ganglionic blocker hexamethoniu@), and to thel land U 2antagonist prazosin(B)
andyohimbine C), respectivelyNorepinephrine quantification in the urinB)(and mesenteric arterieB)( 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 AgtKO (ANOVA followed

by Tukey multiple comparisorpost hoctes). 5SP<0. 001 v s F V Bt/telst). MAB & undae arterdabressure NE =
norepinephringiv = intravenousThe  over the pulsatile arterial pressuteacerepresents the approximate time of the bolus
injection of a given substance in a representative mdsstrations were created BioRender.com.

After finding increasedrascular sympathetic tone Agt-KO despite normal vascular NE
release, weesed if the phenotypes mediated by an increased vascular reactivity to NE. For this
purpose, tyramine a naturebmpoundfound in animals and plants which derived fromthe
aminoacidictyrosinewas chosen. Tyramme has geripheralsympathomimetic effect mainly by
enteringsynaptic vesicle®f presynaptic neuronsontaining NEresulting in neurotransmitter
releasein vascular tissuewhich triggers an immediate pressor respons€l48, 149) The
intravenous tyraminadministration triggered a pressor responsalifines but AT1aKO, Agt-

KO and AgtKO-Tg presented reducedaximalpressor responses to tyramifrégure 31A). An
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impaired vascular adrenergic receptor signalingunsikely because theadrenergic blockers
elicited equal or stronger pressure responses in theseriigemparison to control micgigure

30A-C). However, an overactive saular SNA could potently exhaust presynaptic vesicular NE
content, thereby reducing the tyramine pressor response. To test this hypothesis, the MAP
responses to controlled concentrati@nf i ntravenous]| gdreneryit teceptat U1
agonists (phenylephrine and dexmedetomidine, respectively) me@sured Interestingly,
similar to tyramine AT1&KO, Agt-KO and AgtKO-Tg presented reduced MAP responses to
phenylephringFigure 31B) and dexmedetomidin@-igure 31C) pointingto an wlikely reduced

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

Maximal MAP responsé@nduced bytyramine @), and to theld land U 2agonistsphenylephringB) and dexmedetomidingC),
respectivelyValues are mean + SDP<0.01,™" P<0.0001 vs FVB/NANOVA Tukeymultiple comparisompost hodes). MAP
= mean arteriapressureiv = intravenousNET = NE transportelThe  over the pulsatile arterial pressuteacerepresents the
approximate time of the bolus injection of a given substance in a representative. tloggations were created in
BioRender.com.

4.3.3.2Vascular adrenergic receptor expression

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

mi ce with depleted peripheral RadrénergidréceptomaR N A
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was quantified in conducting and resistance artedegta andmesenterigsrespectively. The

MRNA expression of the adrenergic receptors is display@&dhie50. Ul receptors ar
relevantreceptor class controlling vaswtstriction induced by NE, and resistance vessels are
controlling peripheral resistanand therebB P | ev el s. Mor eover, the ma
expressed i n resiswhiennclage coanduis eesssisisitsh ep (1531) U1
Interestingly,U 4 expression was downregulatedAgt-KO mesenteric arteriesigure32A and

Table50) as pweressibhin the aorta pthRNA levels in aortavere also downregulated

in the AT1aKO, Agt-KO-Tg and AgtTg lines Figure 32B and Table 50). Another interesting
observation is the fadhat the mRNA levels of thdd 2 adr ener g inuost widebyept or ,
expressed b receptor in the wese$ouond lpeegulatecein t ha't
AT1a-KO and AgtTg mesenteric arteriggigure32C andTable50). The b2 adrener gi
expressiorwasfoundincreased in the aorta of the linkgt-KO, Agt-KO-Tg and AgtTg (Figure

32D andTable50).

Table50-VascularU and b adrenergic receptors mRNA expression.

Tissue Protein - Gene FVB ATla-KO Agt-KO Agt-KO-Tg Agt-Tg
" Ula-Adrala 11+04 0.6+0.3 0.4+0.2" 0.8+0.3 0.7+0.2
g Uls-Adralb 1.0+01 0.8+0.2 0.6+0.2 0.7+0.1 0.9+0.2
% Ulp - Adrald 1.0+02 0.9+0.3 0.5+0.1" 0.6+0.1 1.0+02
L U 2-Adra2a 1.0+02 0.4+0.1 0.4+0.1 0.7+0.2 1.4+05
2 U 2-Adra2b 1.2+0.7 3.9+1.3" 0.6+0.3 0.5+0.2 0.7+0.2
§ U 2.Adra2c 11+04 0.4+0.3 0.5+0.2 0.3+0.17 1.0+ 04
= b1-Adrbl 11+05 0.7+0.1 0.9+0.3 1.2+0.4 24+1.1
b 2Adrb2 11+05 2.4+08 1.3+05 1.0+02 2.6+1.0
Ula-Adrala 11+0.6 3.2+1.2 2.9+1.0 6.2+2.3" 6.6+3.2"
Uls-Adralb 1.0+02 1.2+05 0.6+0.2 0.6+0.2 0.7+0.2
Ulp - Adrald 1.0+03 0.6+0.2 0.4+0.1™ 0.4+0.1™ 0.5+0.2"
g U 2-Adra2a 1.2+0.9 0.7+0.2 0.9+0.4 1.2+1.0 2.1+1.3
< U 2. Adra2b n.d n.d nd nd n.d
U 2-Adra2c 1.0+02 29+1.2 2.2+0.9 2.8+15 2.7+138
b1-Adrbl 1.4+0.7 2.7+0.38 50+1.3 6.9+27" 53+2.1
b 2Adrb2 11+04 2.1+ 07 43+1.2" 4.0+0.6" 42+1.7

Values are mean + SD foif @ animals in each groupP<0.05,”P<0.01,™ P<0.001 vs FVB/N(ANOVA followed by Tukey
multiple comparisonest) n.d = not detected.
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Figure 32- Most expressed]) a nadrenbrgic receptors inaorta and mesenteric arteries.

ULa adrenergic receptor mMRNA expression in mesenteric artekjedll» adrenergic receptor mRNA expression in aoBh b2
adrerergic leceptor expression imesenteric arterieCj and aorta). Values are mean + SDP<0.05,” P<0.01,”™ P<0.001,
vs FVB/N (ANOVA followed byTukeymultiple comparisopost hodes).

4.3.4 Pressor response to Endothelii

To discardthatthe blunted MAP response to sympathomimetic disgsproduct of an impaired
vascular constrictor machineinduced by abserdr bluntedperipheral RASeactivityin ATla

KO, Agt-KO and AgtKO-Tg lines, the pressure response to endottelan peptide hormone
independent of that RAS ar@NSwas assessed vivo. All lines presented a similanaximal
pressor rgponse to endothelh demonstrating a normal vascular constrictor capacity in these
lines Figure33A). In addition, tle gene expression of temdothelin type A receptor which is
themost relevanteceptor mediating the vasoconstrictor effect of ergiotti at vascular smooth
muscle cells \as measuredn blood vesselaising RT-gPCR. The receptor expression was
similarly increased in AgKO and AgtKO-Tg aorta (Figure 33B), however, the regaor

expression inthe mesenteric arteries was not altered in any of the(lifgsre33C).
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Figure 33 - Acute MAP response to Endothelinl.
Maximal MAP respons® endothelinl (A). mMRNA levels ofendothelin receptor type it aorta B) and mesenteriarteries C).
"P<0.05 vs FVB/N;(ANOVA followed by Tukeymultiple comparisornest) MAP = mean arterial pressyiig = intravenous.

4.3.5 Vascular NO homeostasis

Endothelialreleagd substances plag key role in regulating smooth muscle toamong these
substance®lO is a major factodumpingvasoconstrictiorand therebyBP. NO easily diffuses
acrosscell membraneseachingsmooth muscle cells where the molecpiemotes vasodilation
by locally increasingcGMP levels.NO homeostasis waassessd in vivo using the delta MAP
increaseuponNO synthase blockdewith the inhibitor L-NAME as well as the MAP drop to the
exogenousNO donor sodium nitroprusside The parametersrevealed an impairedNO
homeostasis Agt-KO, these mice displayed a weaker responseNAME (Figure34A), and a
stronger response to SNPFigure 34B) while Agt-KO-Tg only presented a tendency to have
reduced response to-NIAME. Overall bodyNO generation was estimated by measuring the
levelsof nitrate and nitrite (NOxin the urne Agt-KO presented reduced urinary N@kiile this
parameterwas slightly improved in AgKO-Tg (Figure 34C). Finally, the endotheliaNO
synthase (eNOSgxpression leel was quantified at the mRNA level vessels In agreement
with thein vivo findings andthe NOx quantificationAgt-KO presented lower levels @NOS
MRNA in the aorta andnesenteric arteries, and AgO-Tg had reduce eNOS mRNA in the
mesentericarteries (Figure 34D,E). Collectively, the data pointsout that Agt-KO presents
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impairedNO homeostasisharacterizedy reducedendothelialNO productiondue to impaired

vascular eNOS expression.
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Figure 34 - Vascular NO balance.

Maximal MAP response induced by tiMO synthase inhibitoN5-[imino(nitroamino)methyHL-ornithine, methyl estefL-
NAME) (A), and to theNO donor sodium nitroprussid®). Urinary total nitrate and nitritéNOX) levels(C). mRNA expression

of endothelialNO synthase (eNOSjn aorta D) and mesenteric arteriek)( Values are mean * S[CP<0.05, ™ P<0.01,

" P<0.001vs FVB/N; ##<0.001 vs AgiKO (ANOVA followed by Tukey multiple comparisorpost hoctes). MAP = mean
arterial pressureiv = intravenousThe  over the pulsatile arterial pressuteacerepresents the approximate time of the bolus
injection of a given substance in a representative mouse

4.3.6 Overall vasoconstrictor tone

The vascular tones controlled by a myriad of intrinsic and extrinsic facteith vasoconstrictor
and/or vasorelaxargtimuli thatnot only modulate the vascular tone but potentially bas@&me
However, the vasoconstrictor machineay smooth muscle cellss controlled by calcium
dependent and calcium independgathways that Itimately impact the myosin light chain
interaction with acti (85). Our findings strongly indicatethat the vascular sympathetic tore i
increased in AgkKO, and on topthis line presentseducedNO production Both phenaotpes
enhancevascularconstrictionand ultimate BP leveldHowever, the overall vasoconstrictor tone
might not be increaseblecausecompensatory regulatiohy other unpredicted factor(shay
balancethe SNA andNO effecs. To assess the overall vasocomstn tone, the depressor
responsegtriggered upon blocking calcium dependent and independent patimeagyguantified.

For this nifediping a L-type calcium blockethat controlsextracellular calcium entryand Y-
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27632 a ROCK kinases inhibitor that blocks ROCK2 activity that is a central hub in calcium
independent vasoconstrictiowere injected intravenously and the maximal MAP responss
guantified. Asexpectedpoth drugs reduced Bbut thehypotensivdines AT1aKO and AgtKO-

Tg displayed a reduced maximal MAP response while-KK@t and AgtTg presentedan
increasd response taifedipine (Figure 35A). Y-27632caused an increas@dAP responsen
Agt-KO and, interestingly also AT1aKO responded stronger to-¥7632 in comparison to
control mice Figure35B). Collectively, the data shows th&VB/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 constricion blockade.

Maximal MAP response to the-type calcium channel blockerifedipine @A) andthe ROCK kinases inhibitor -27632 B).
Values are mean + SOP<0.05,™P<0.01,™ P<0.001vs FVB/N;*P<0.06 vs AgtKO (ANOVA followed by Tukey multiple
comparisonpost hoctes). MAP = mean arteriapressureiv = intravenousThe  over the pulsatile arterial pressureace
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 mometiotmomentby peripheral reflexes in a negagifeedback 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(BF). The heart is innervated by
sympathetic and parasympathetierves whose firing frequency directly consrahe HR.
However, the baroreflex response might be altered by different $astich as large vessel
compliance whichdirectly impacs the baroreceptor signal or factors such as Ang Il that
modulate the activity of central circuits coordinating the downstreasponse(151) The
baroreflex sensitivity of the HR control was calculated using drdgduced bradycardia and

tachycardia with phenylephrine and sodium nitroprusside, respectiiglyre 36A,B shows an
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impaired baroreflex contraf the HRto induced bradycardia and tachycarthaAgt-Tg and Agt
KO-Tg indicating that Ang Il likely acts on brain circuits and dysregaldie cardiac response
BP changesThe pressure responses as the bradycardia and tachycardiepatedin detail in

Table51.

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 thecardiac karoreflex sensitivityusing drug induced bradycardiAd) tachycardiaB). Values are mean $D
"P<0.05, "P<0.01vs FVB/N (ANOVA followed by Tukey multiple comparisompost hoc te3t SP<0.05vs FVYB N ( Sttudent 0 s

test).BRS= baroreflex sensitivityiv = intravenous

Table 51 - Calculation of the cardiacbaroreflex sensitivity index

Baroreflex Control of the HR
Reflex Bradycardialt-10 pg/kg phenylephriney)

e MAP basal MAP peak PMAP HR basal HR peak pHR quBIR? oM
(mmHg) (mmHg) (mmHg) (bpm) (bpm) (bpm) L mmHg)
FVB/N 107.4+7.3 128.4 £ 8.7 20.6+£3.1 7045+515 546.6+64.3 -157.9%415 1.24 +0.42
ATla-KO 91.0+7.8 111.1+9.6 21.0+4.1 675.7+61.6 527.3+65.6 -148.4+48.7 1.24+0.36
Agt-KO 108.6+ 13.5 129.4+13.0 20.9+3.7 666.3+ 65.9 542.4+71.7 -123.9+19.1 1.07+041
Agt-KO-Tg 85.7 + 5.6" ### 104.9 + 6.9" ### 191+ 3.7 731.0+254 612.7+35.2 -118.3+39.8 0.82+0.22
Agt-Tg 116.1+458 138.0+4.8 219+41 702.7+£17.6 583.9+370 -118.9 33.7 0.80+0.19
Reflex Tachycardia (10 pig sodium nitroprussidey)
e MAP basal MAP peak PpPMAP HR basal HR peak PpHR cpPBIR? oM
(mmHg) (mmHg) (mmHg) (bpm) (bpm) (bpm) L mmHY)
FVB/N 104.2+45 70.8+7.7 -33.3+6.0 704.2+39.2 767.3+44.3 63.2+14.2 0.22 £ 0.06
ATla-KO 87.1+5.0" 59.6 £5.0 -275+1.3 701.4+ 345  742.3+33.0 40.9+ 16.6 0.15+0.04
Agt-KO 101.7+54 59.9+7.8 -418+ 46" 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+ 2.4% 716.2+32.4  747.5+29.6 31.3+9.5 0.12+0.03
Agt-Tg 116.5+ 4.7 83.7+3.6 -32.8+5.2 717.8+29.2 749.3+36.4 31.5+9.8 0.11 +0.03

Values arenean + SD for & animals in each groupP<0.05,” P<0.01,” P<0.001,”" P<0.0001vs FVB/N;*P<0.00L,
##P<0.0001vs AgtKO (ANOVA followed by Tukeymulti comparison post hdest).P<0.05v s FVB/ N tteSttBR8E ent 0s

= 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 aredsTS the
where AT2receptorsare expressethostly by GABAergic neurong74, 152) Recently it was
demonstrated that chronic adminisiva of an AT2 specific agonist attenuated experimental
hypertension due to reduction of GABA receptors and GABA producing enzymes (glutamate
decarboxylases) in theTS (153) Agt-KO-Tg and AgtTg likely has Ang Il action in the&\TS
because théaroreflex response of the HR integrated at ik nucleus and Ang Il i&known to
blunt ths procesg154). Because brain Ang Il reduced BP in A¢D-Tg, we sought this could
be a possible mechanism of BP reductido test this the mRNA levels of glutamate
decarboxylases 1 and 2 were quantified in bin@instem However, increased brain Ang Il
formation did not change the expression of these enzymes HK@gtg or AgtTg (Figure
37A,B). In addition, the mRNA levels of the vesicular GABA transporter andGABA B

receptos 1 and 2 were also not altered in brains{&igure37C-E).
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Figure 37 - Brainstem expression of GABAergic genes.
MRNA levels of glutamate decarboxylasesAl) @nd 2 B), vesicular GABA transporterC), and theGABA B receptos 1
(GABABg1, D) and 2(GABA&2, 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 importanpfoning renal developmentn
the absence of AT1 postnatal injuries are foumdodents(146, 155) Histological examination
of kidneys from AT&KO mice showed milddamagewhile AgtKO and AgtKO-Tg displayed
similarly damaged kidneydn these lines, markegeduced medullary areaas founddue to
hydronephrosisndatrophyof the renalpapilla In addition,mononuclear cell infiltratioseems
to be increaed in AgtKO and AgtKO-Tg. Finally, the wall thickness ofmall arterieswas
found exaggeratedincreased irAgt-KO and AgtKO-Tg, this effect was only mild in AT2KO
(Figure 38). These results point to adispensableinvolvement of brain Ang Il in renal
developmentand suggestthe peptide does not reach the circulgtiah least not aenough

concentrationduring entoryonic development when BBB is permeable.

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

Figure 38 - Renal morphology.
Representative imagesf coronal kidney sections stained with eématoxylin eosin. Agt-KO and AgtKO-Tg present
hydronephrosig#), small artery hypercellularityleading to wall thickeningA), and increased mononuclear cell infiltration
(arrowheads). AT1a-KO presers only mild arterial wall thickening. G glomerulus.Top panels scaledos are 50um, lower
panels bars are 2@0n.

4.3.9.2 Renal Fibrosis

To visualize renal fibrosjskidney renal coronal sections were stained vigibro sirius red
AT1aKO displayed slighy increasedstaining however AgtKO and AgtKO-Tg presented

-127-



Results

diffuse fibross including peritubular, perivasculgoeriglomerular and intraarterial collagen

accumulatior(Figure39).
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Figure 39 - Renal collagen staining.

Histochemical collagen staining in representative kidney sections. Top panels are showing diffuse collagen accumu)ation (pink
AT1aKO, Agt-KO and AgtKO coronal kidney sections. Lower panels are showing increased perivascular fibrosis in all lines,
and intravascular fibrosis exclusive to ATK®, Agt-KO and AgtKO-Tg. # = hydronephrosis, G = glomerulus, A = artery. Top
panelsscale bars are 5Q0m, lower panels bars are ffn.

To quantify the renal fibrosis, the expression of the collagens I, Ill, and IV were
guantified by RTgPCR in kidneys. Collagen | and IIl expression was likewise increased in Agt
KO and AgtKO-Tg, while Gllagen IV expression was not alterédgure40A-C). Accordingly,
the mRNA levels of fibronectin, an essential proteinfiorillogenesis,were found increased in
Agt-KO and AgtKO-Tg (Figure 40D). Interestingly, the expression afahsforming growth
factor beta (TGFb ) a master regulator of otatioh avgse n
only slightly upregulated in AgO (Figure40E). Accordingly, the protein expression of alpha
smooth muscle actinkSMA), a marker of myofibroblasts, wifi are pathogenic differentiated

fibroblasts, was nailteredas measured by Western bl@fsgure40F).
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Figure 40 - Renal fibrosis.

Renal mRNA levels of collagen Aj, collagen Il B), collagen IV C), fibronectin O) and tansforming growth factobeta
(TGF—b YE). Alpha smooth muscle actit{SMA) proteinexpressiorin kidneys(F). Values are mean = STP<0.05, ™ P<0.001,
™ P<0.0001 vs FVB/N (ANOVA followed by Tukeymultiple comparisopost hoc test

4.3.9.3 Renal inflammation

The histological findingsndicatedincreased infiltration of immune cells in the kidneys of -Agt
KO and AgtKO-Tg (see sectiod.3.9.). Therefore, R-gPCR was used to estimate renal
immune cell infiltration by quantifying gene expression of CD68 and CD®&hich are
macrophageand T-cell-specificmarkers, respectivelAs suggested bthe histological findings
Agt-KO and AgtKO-Tg presented increaseskpression ofT-cell and macrophagenarkers
however in AGtKO-Tg thelevels of CD68 were slightly decreased in comparison to A¢D
(Figure 41A,B). Additionally, the mamphage infiltration was confirmed at the protein level
using an antibodygainstanother macrophage markdioa-1 in Westernblots (Figure 41C). In
agreement both lines displayedtreased levelef vascularcell adhesion moleculé (VCAM-1)
and ntercellular adhesion molecule(ICAM-1) (Figure41D,E) that are essential scaffolds for
circulating leucocytes migration into tissues. Finally, tene expression ofthe leucocyte
chemoattractantytokinesTNFU and RANTES aswell asthe T-cell activate CD86 were found
increased in AgKO and partially rescued in Ad€O-Tg (Figure 41F-H). Altogether, the data
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suggestghat AgtKO likely presents amore proinflammatory kidneyenvironmentthat could

graduallycontribute to renal functiodeterioraion.
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Figure 41 - Renal immune cell infiltration.

Macrophage marke€D68 (A), and T-cell marker CD3 B) mMRNA expression ikidney.lba-1 protein levels in the kidne\C].
Renal mRNA levels of the adhesion molecules VGAND) and ICAM-1 (E). Renal mRNA levels of the cytokinESANTES
(F) and TNRJ (G), and the Tcell activator CD86 H). Values are mean + SDHP<0.01, ™ P<0.001, ™ P<0.0001 vs FVBIN;
#P<0.05. #P<0.01 vs AgtKO (ANOVA followed by Tukey multiple comparisompost hoc te3t

4.3.9.4 Renalfunction

In order to evaluate the impact of the morphological renal damage on renal fundghany and
plasmatic markersvere measuredPreviously Agt-KO mice have been describdtzhving an
impaired urine concentration abilif46, 1%). This phenotype was confirmed in the FVB/N
Agt-KO, by urinary creatininemeasurement. Creatinine asmetaboliteconstantlyexcretedand
thereduceccreatinine concentratian Agt-KO and AgtKO-Tg urine indicags increased urinary
output (Table 52). Using the creatinin&oncentration inspot urine, the urinary volume was
estimatedas observed ifable52, Agt-KO produces-3 times more urine than wildtype while
Agt-KO-Tg ~2 timesmore demonstrating a partial rescue of the phenotype inRK&HTg. As
consequence of a high urinasytput,sodiumand potassiunconcentratioa were alsadecreased
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in Agt-KO and AgtKO-Tg urine (Table 52). However, these values were not different from
controls when theoncentratiorwas correctedby the creatinineconcentrationexceptin AT1la
KO that presemtd increasd sodium andpotassiumexcretion(Table 52). Interestinglydespite
presentingseveral morphologicaélterationsand immune cellinfiltration, the renal damage

marker albumin was only marginally increased in AKI@ (Table52).

Table 52 - Urine parametersand urinary volume estimation.

Parameter (unit) FVB/N, n=8 AT1la-KO, n=8 Agt-KO, n=8 Agt-KO-Tg, n=8 Agt-Tg, n=7
Na“ (mmollL) 93.4+39.8 131.7£51.0 28.6+7.7" 50.0+11.4 74.7 £41.0

K* (mmollL) 2427 £45.9 2643+ 33.8 102.8+ 149"  158.9+ 46.4™# 285.5+19.8
ALB (Ly g/ d 608.8+68.0 890.0+ 385.5 327.5+£174.2 392.5+67.1 558.6 + 109.3
CRE (mg/d.) 30956 25.1+55 9.9+0.9™ 15.2+ 3.0 888 32.1+£43
[Na*J/[K*] 0.39£0.20 0.50+0.18 0.28+0.08 0.33+0.10 0.27+0.17
[Na*J/[CRE] 299+1.17 5.18+ 114" 2.92+0.83 3.34+0.70 241 +£135
[K*J/[CRE] 8.11+2.28 102+ 226 10.40 +1.09 10.35+2.12 9.01+1.36
[ALB)/[CRE] 20.2+£3.9 34.5+11.6 32.3+15.2 26.3+4.4 17.7+4.7
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 + SDP<0.05,” P<0.001,”" P<0.0001 vs FVB/N{P<0.05 *# P<0.0001 vs AgtKkO (ANOVA followed by
Tukey multi comparison post haest).$8P<0.001v s FV B/ N (t(teSt} Ki d motadsidnsNa® = sodium ALB = albumin
CRE = creatinine [ALB] = albumin concentratigfCRE] = creatinine concentratiofiK*] = potassium concentratipfNa*] =
sodium concentratigreUvol. = estimated urinary volume.

Plasma markers of renal functiamgaand creatinine, were increased in AgD and Agt
KO-Tg, however, AgKO-Tg partially rescuedhe phenotypen comparison to AgKO (Table
53). Agt-KO and AgtKO-Tg presented increased plasma sodium concentr@iavie 53), and
potassium wa decreased in Ag€{O-Tg (Table53). After observing increased sodium levels
Agt-KO and AgtKO-Tg, total proteins and albumin levels were measimatie same samples
markers of dehydration. Both parametevere found increased in A¢tO and AgtKO-Tg
(Table53). Finally, the plasma osmol@y was calculateénd AgtKO and AgtKO-Tg presented
increasedplasmaosmolaity, but Agt-KO-Tg presented lower levels in comparisonAgt-KO.
Comparingthe plasmasmolaity and urea levellearly,plasma osmoldy levelsparalleledthe
plasmaureg pointing to urea as themost relevantosmolyteinfluencing plasmaosamnoldity in
Agt-KO and AgtKO-Tg (Table53).
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Table 53 - Plasmaparameters for renal function and hydromineral balance.

Parameter (unit) FVB/N, n=6 AT1a-KO, n=6 Agt-KO, n=6 Agt-KO-Tg, n=5 Agt-Tg, n=5
CRE(mg/d.) 0.12 +0.01 0.14+0.01" 0.17+0.01™ 0.15+0.01" 0.12+0.01
BUN (mg/dl) 26823 26.9+1.8 81.4+8.0™ 45.8+ 4.4 #it 26814
Na“ (mmollL) 147.6 +0.6 146.6 + 0.7 150.6 + 2.2 150.8 +2.3 148.5+0.8
K* (mmolL) 7.01 +£0.66 7.29 £0.87 7.40 £ 0.50 6.00 + 0.16%* 6.51+0.43
Cl(edyd 107.1 £ 0.77 108.3 +2.98 110.6 + 2.77 110.7 + 2.46 108.2 +0.50
[Na*J/[K*] 21.2+2.1 19.9+23 20.3x1.6 25.1+0.8"# 229+13
TP (9/1) 50.0+1.2 50.1+0.8 53.1+2.3" 55.1+1.3™ 50.0+£0.9
ALB (g/1) 255+14 26.5+0.9 27.8+1.1" 276+0.6 26.0+0.6
GLC (mg/dl) 271.3+37.1 283.1+17.1 2622+ 53.7 262 5+ 39.6 259.6 + 29.3
Osmoldity 319.9+25 3185+ 35 3455:3.4™  331.1+5.6" 3209+28

(mosmolkg H20)

Values are mean * SD foii 6 animals in each groupP<0.05,” P<0.01,™ P<0.001,™" P<0.0001 vs FVB/N;*P<0.0L, #*
P<0.0001 vs AgtKO (ANOVA followed by Tukeymulti comparison post hotest). K* = potassiumNa" = sodium ALB =
albumin BUN = blood urea nitrogenCRE = creatinine eUvol. = estimated urinary volum&LC = glucose TP = total proteins
[K*] = potassium concentratipfNa*] = sodium concentration

4.3.9.5 Renal sodium transporters

Finding altered urinary output and plasma sodium levels led us to measgsenéexpression of
the most relevantenal tubular sodiun channels involved in sodium reabsorption frahe
primary urine.The gene expression of tisediumhydrogen exchanger @ZNHE3) expressed at
the proximal tubulevasmodestlyincreased in AgKO-Tg and AgtTg (Figure42A). ThemRNA
levels of the genes encoding theodiumpotassiurchloride (NKCC2) and sodiumchloride
transporte(NCC) cotransportey were downregulatedn AT1aKO and AgtKO, and AT1aKO
and AgtKO and AgtKO-Tg, respectively(Figure 42B,C). In addition, the mRNA levels of
Scnnlaencoding theJsubunit ofepithelial sodium transporteERNaC) were downregulated in
Agt-KO (Figure42D). The gene expression of the sodium transporters clearly demonstatted
Agt-KO was the most affeetl line. To discardthat the phenotype is du® decreasedubular
cells, the mMRNA expression of Pax&as quantified but no differences were observ@dure
42E). Pax8is a transcription factor essential foenal development but also expressed in adult
kidney specificallyon epithelial cells along all tubular segme{iiS7) Finally, the mRNA levels
of aquaporir2, a major protein responsible for renal water reabsorptigne quantifiedby RT-
gPCR.Figure 42F shows that only AgKO-Tg presented a small increase in aguap2rgere

expression.
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Figure 42 - Tubular sodium transporters expression.

mRNA levelsof genes encodingey sodium renal transporters: NHEBy@rogen exchangpefA), NKCC2 (sodiumpotassiurn
chloridecotransportes) (B), sodiumchloridecotransporte{NCC) (C), and theJsubunitof theepithelial sodium chann¢ENaG
U (D). Renal mRNA levels of the tubular transcription factor Pa&Band aquapori® (F). Values are mean * SIP<0.05,
" P<0.001,"" P<0.0001 vs FVB/N;*P<0.01, **P<0.001 vs AgtkO (ANOVA followed by Tukeymulti comparison post hoc
test).

4.3.9.6 Renal SNA, Ren,and NO producing enzymes

Renal SNAmodulatesvater andsodium reabsorption but also Reskease, an8NA is suggested
to influence the renammune celltraffic. Therefore renal SNA was estimated quantifying renal
NE. AT1aKO and AgtKO presented similar elevatednal SNA,and brain Ang |l potentiates
renal SNA in AgtKO-Tg only, becauseAgt-Tg presented rmrmal renal SNA Figure 43A). In
additionto NE quantificationthe expression of the adrenergic receptas evaluated using RT
gPCRin kidneys ofthese micgTable54). Reral total Ren expressionRenlplus Ren3 was
increasedAT1a-KO and AgtKO-Tg, while in AgtKO Rengene expression wagiriously not
altered(Figure 43B). In addition, Agt-Tg presented reduced reriRén expression as shawn
section4.3.1.3 AltogetherRenmRNA expression is most likely influenced by baseliner&Rer
thanreduced Ang Il signaling dack of Agt. To confirm theRenfinding, aldo-keto reductase
family 1 member B7{Akrlb7) gene expression warified, because thiprotein was recently
described to be marker for renaRen cells (158) Surprisingly,Akrlb7 mRNA levels did not
parallelthe RenmRNA levelsas expectedsinceall lines presentednalteredAkrlb7 expression
except AgtKO that presented reduced levels of &lelb7 (Figure43C). In addition toNE, NO

controlsthe renal blood flowandthereforethe glomerular filration rate For which reasomenal
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NO synthetizing enzymesvere measuredby RT-gPCR Interestingly, neuronaNO synthase
expression was slightly increased in AQD but aroundd-fold in Agt-KO-Tg (Figure43D). The
levels of endotheliaNO synthasavere not altere@Figure43E).
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Figure 43 - Renal SNA,and mRNA levels ofRenand NO producing enzymes.

Renal SNA estimated by renal norepinephrine quantificatioh fHRNA levels of Ren encoding genes B) and theRen
expression marker Akrlbih kidneys(C). Renal mRNA levels of neuron®O synthase (nNOS)D)) and endothelialNO

synthase (eNOS)E(]. Values are mean + SIP<0.05, " P<0.01, ™ P<0.001,™ P<0.0001 vs FVB/N;*P<0.01, **P<0.001,
##P<0,0001vs AgtKO (ANOVA followed by Tukeymulti comparison post hoc tesijP<0.0lv s FVB/ N tteStt udent 6s

Table54-Re n a | U and b adrenergic receptors mRNA expression.
Protein - Gene FVB/N AT1la-KO Agt-KO Agt-KO-Tg Agt-Tg

Ula - Adrala 1.0+011 0.9+0.27 0.6+ 0.05" 09+0.17 0.9+0.12

Uls - Adralb 1.0+0.16 1.2+0.25 2.0+£0.48™ 1.6+0.18" 117+0.27

Uls - Adrald 1.0£0.33 1.2+0.42 1.5+0.27 116+0.35 1.2+0.22

U 2-Adra2a 1.0£0.10 1.0£0.35 12+0.34 1.4+0.17 0.7+0.14

U 2-Adra2b 1.0+0.34 1.8+0.33" 1.5+0.26 1.2+0.13 15+041

U 2-&dra2c 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+ 0571 08+0.29 1.1£0.18 1.4+0.27

b 2 Adrb2 1.0+0.23 1.8+0.50™ 1.9+0.20" 1.4+ 026" 1.0+0.16

Values are mean + SD forf animals in each groupP<0.05,” P<0.01,” P<0.001,” P<0.0001 vs FVB/N#P<0.06 vs Agt
KO (ANOVA followed by Tukeymulti comparison post hdaest).

4.3.9.7 Renal denervation effect on baseline BP
We suspected that brain Angsivitched thevasculature and ren&8NA balancein Agt-KO-Tg.

In other words, thelamagedidney of AgtKO may eitherrequirehigher SNA or BP to contto
its function. Owing to the fact that the kidney is innervated by 8lSand affererd that relay
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information to thebrainthat may influence downstream SNAenal denervation washosen to

test if altered renal nergeactivity modulates BPBaseline BP wagjuantified before renal
denervation,and the BP responseto a bilateral renal denervatioprocedurewas recorded
constantlyover a weeKFigure44A). One week after surgery and cardiovascular data acquisition
the animals wersacrificed and renal NEwas measured to validate the procedufeure 44B
indicates that renal denervation was successful because NE was réguoedr 90% in
comparison to intact kidneysxcept for the right kidney of one A#O mousefor which the

cardiovasculadata was excluded

Before surgery baselinklAP was indistinguishable between A§O and wildtype but
reduced in AgKO-Tg asin previous measurementsut interestingly baseline HR iAgt-KO
and AgtKO-Tg was foundslightly reduced(Figure 44C,E). As previously reportedwildtype
mice displayed reducddAP immediately after denervatiaand ths effect wassustainedver a
week (Figure 44D). Surprisingly Agt-KO and AgtKO-Tg only presented a slight MAP
reduction in comparison to contrdi®wever contrary to controls the effettveloped gradually
after denervatiomeaching the pdaaroundfour to five days aftesurgery(Figure 44D). In all
lines he HR increased the day after surg€2(-40 bpm)and gradually returned to baselin
levels except in AGKO in which HR remained elevated during the whole recording period
(Figure44F).

Altogether itcan be concludel from this datasetthat normal BP in AgKO is unlikely
driven byalteredrenalefferent or afferenbhervefiring. Howeververy interestingly denervatig
these mouse lines suggested that the main BP lowering effect of renal denervatimt ligely
mediated byreducgng the peripheral RASactivity. In other words only wildtype mice have
circulating Agt thus reducing renal Ren release in AQD and AgtKO-Tg would not impact
Ang Il production oncéhe substratef Ren Agt, is absent
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Figure 44 - Effect of renal denervation on cardiovascular homeostasis

Schematic representation of the renal denervation protoeplantify cardiovascular effects using telemety. (Quantification
of renal norepinephrine (NE) to valigathe renal denervatioprocedurein each kidneyof each mouseB). 48-hour baseline
MAP before renal denervatiofC). MAP response to bilateral renal denervatidp).(48-hour baselineHR before renal
denervation E). HR response to bilateral renal denervatiéi). (For B, C and E values are mean + SIP<0.05 "P<0.01,

" P<0.0001 vs FVB/N;*##<0.0001 vs AgiO; (ANOVA followed by Tukey multiple comparisopost hoc te3t For D, F

values are mean *+ S #%0.0001FVB/N postdenervatiorvs FVB/N baseline’P<0.05 ¥ $<0.01 Agt-KO postdenervation
vs AgtKO baseling ¥P<0.05 %¥P<0.01, ¥%<0.001 Agt-KO-Tg postdenervatiorvs AgtKO-Tg baseline *P<0.05 ~P<0.01
Agt-KO postdenervatio vs FVB/N postdenervation ##P<0.001, #P<0.01 Agt-KO-Tg postdenervatio vs AgtKO post

denervation££8P<0.001vs FVB/N postdenervationns = not significant(2-way ANOVA with repeated measuremeftiowed

by Tukeyor Dunnettmultiple comparisopost hodes). MAP = mean arterial pressutdR = heart rate. The illustration & was
partially createdn BioRender.com.
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