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Abstract

Rationale: Pericytes (PCs) and vascular smooth muscle cells (vSMCs), collectively known as mural
cells (MCs), are recruited through PDGFB-PDGFRB signaling. MCs are essential for vascular integrity,
and their loss has been associated with numerous diseases. Most of this knowledge is based on
studies in which MCs are insufficiently recruited or fully absent upon inducible ablation. In contrast,
little is known about the physiological consequences that result from impairment of specific MC
functions.

Objective: Here, we characterize the role of the transcription factor serum response factor (SRF) in
MCs and study its function in developmental and pathological contexts.

Methods and Results: \We generated a mouse model of MC-specific inducible Srf gene deletion and
studied its consequences during retinal angiogenesis. By postnatal day (P)6, PCs lacking SRF were
morphologically abnormal and failed to properly co-migrate with angiogenic sprouts. As a
consequence, PC-deficient vessels at the retinal sprouting front became dilated and leaky. By P12,
also the vSMCs had lost SRF, which coincided with the formation of pathological arteriovenous (AV)
shunts. Mechanistically, we show that PDGFB-dependent SRF activation is mediated via MRTF co-
factors. We further show that MRTF-SRF signaling promotes pathological PC activation during
ischemic retinopathy. RNA-sequencing, immunohistology, in vivo live imaging and in vitro
experiments demonstrated that SRF regulates expression of contractile SMC proteins essential to
maintain the vascular tone.

Conclusions: SRF is crucial for distinct functions in PCs and vSMCs. SRF directs PC migration
downstream of PDGFRB signaling and mediates pathological PC activation during ischemic
retinopathy. In vSMCs, SRF is essential for expression of the contractile machinery, and its deletion
triggers formation of AV shunts. These essential roles in physiological and pathological contexts
provide a rational for novel therapeutic approaches through targeting SRF activity in MCs.

Keywords: SRF, smooth muscle cells, pericyte migration, retinopathy, arteriovenous malformations
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Non-standard Abbreviations and Acronyms

Actb Beta actin

AV arteriovenous

AVMs arteriovenous malformations

CNS Central nervous system

DEG Differential expressed genes

ECs Endothelial cells

EdU 5-ethynyl-2'-deoxyuridine

ERG Electroretinography

FACS Fluorescence-activated cell sorting
fc Fold change

FDR False discovery rate

flex1 Floxed exon 1

GO Gene ontology

GSEA Gene set enrichment analysis

ICG Indocyanine green

iMCKO Induced mural cell knockout

kbp Kilo base pair

KEGG Kyoto Encyclopedia of Genes and Genomes
MCs Mural cells

MRTF Myocardin related transcription factor
NG2 Neural/glial antigen 2

NVTs Neovascular tufts

OIR Oxygen induced retinopathy

P Postnatal day

pBPCs Primary brain pericytes

PCA Principal Component analysis

PCs Pericytes

PDGFB Platelet derived growth factor b
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PDGFRB Platelet derived growth factor receptor beta

RBCs Red blood cells

SLO Scanning laser ophthalmoscopy
SMCs Smooth muscle cells

SMG Smooth muscle gene

SRF Serum response factor

TCFs Ternary complex factors

vSMC vascular smooth muscle cell
aSMA Alpha-smooth muscle actin
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1. Introduction

Blood vessels are composed of endothelial cells (ECs) lining the vascular lumen and surrounding mural
cells (MCs) *. MCs include pericytes (PCs), which cover capillaries, the smallest diameter blood vessels,
and vascular smooth muscle cells (vSMCs)?, which cover arteries, arterioles, venules and veins, the

larger caliber vessels °.

During angiogenesis, new blood vessels develop from pre-existing ones by vascular sprouting. This
process involves endothelial tip cells, specialized ECs that temporarily adopt a motile phenotype and
extend numerous filopodia. Tip cells spearhead the sprouting vessels and secrete PDGFB, thereby
attracting PCs that express the corresponding PDGFRB, to co-migrate along the nascent vessel sprout. PC
recruitment is generally considered to aid vessel stabilization, and numerous studies have demonstrated
the importance of PCs for vascular function . In the brain, PCs have been shown to express high levels of
transporters and are considered to play a crucial role in maintaining homeostasis at the neurovascular
unit (NVU) **. In accordance, failure to recruit PCs results in impaired formation of the blood-brain and
the blood-retina barrier (BBB/BRB) °. Loss of PC coverage has been identified as an early event in diabetic
retinopathy, which is associated with breakdown of the BRB °. Most of our knowledge about PC function
comes from studies in which PC recruitment has been compromised, or in which PCs have been ablated.
Only few studies have investigate the physiological consequences that arise if specific aspects of PC

d ™. PC research is further complicated by the fact that identification

biology or functions are inactivate
and characterization of PCs is challenging due to the lack of unambiguous markers. Commonly used
markers to identify PCs, such as PDGFRB, neural/glial antigen 2 (NG2), desmin or CD13, are also
expressed by other cell types and therefore accurate identification of PCs requires, in addition, attention

to their localization and morphology *.

In contrast to PCs, vSMCs are highly contractile and express a specific set of smooth muscle genes (SMG).
Through a basal level of constriction, vSMCs create the vascular tone, which is essential to direct blood
flow into capillaries . Vascular tone differs between organs and is dependent on the balance of

competing vasoconstrictors and vasodilators *>. Dysregulation of vSMC contractility is associated with

hypertension, aortic stiffness and chronic venous disease **™.

Serum response factor (SRF) is a conserved, ubiquitously expressed transcription factor which belongs to

the MADS box protein family, and is known to regulate motile functions in a variety of cell types **%.

17,18

SRF is activated either by Rho/actin or Ras/MAPK signaling . Those pathways involve different

cofactor proteins, either myocardin related transcription factor (MRTF) or ternary complex factors (TCFs)
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and result in the expression of distinct sets of target genes. SRF has been reported to drive, amongst
others, the expression of SMGs alpha-smooth muscle actin (Acta2, aSMA) and transgelin (Tag/n, SM22a)
in visceral SMCs *®*°, but its role in pericytes and SMCs of the vasculature has not been thoroughly
investigated. In order to address this question, we used Pdgfrb-CreER™ mice, which allow to delete SRF

7,20,21

in PCs and SMCs of the vasculature and, importantly, prevents the lethality associated with SRF

deletion in visceral SMCs %2,

We demonstrate that SRF is crucial for distinct functional roles in PCs and vSMCs, respectively. In PCs,
SRF is essential for cell migration downstream of PDGFRB signaling and mediates the pathologic
activation of PCs during ischemic retinopathy. In vSMCs, SRF is essential for the expression of SMC genes,

and its deletion triggers the formation of arteriovenous malformations (AVMs).

2. Methods

A detailed method section is provided by the supplementary section.

3. Results

Conditional MC specific deletion of Srf

fex1/flex1

To address the role of SRF in MCs in vivo, we crossed floxed Sr; (meaning floxed exon 1, also

referred to as Srf"”"* mice) mice %° with Pdgfrb-CreER™ mice, which have been shown to efficiently

7,21 MCKO

target MCs "**. We induced MC-specific deletion of Srf (hereafter referred to as Srf""“°) in newborn mice
via tamoxifen administration at postnatal days (P) 1-3 and focused our analysis on the retinal
vasculature. We choose three distinct time points (P6, P12 and after 4-8 weeks) for analysis in order to

investigate the role of SRF during vascular sprouting, remodeling and maturity of the retinal vasculature (

Figure 1, A-B). To monitor recombination specificity and efficiency, we further introduced the
Rosa26™ ™ reporter 2 to the Pdgfrb-CreER™::Srf"" mouse line. The Rosa26™ ™ reporter expresses
membrane-targeted GFP in cells, in which Cre mediated recombination has been occurred and revealed

that, at P6, around 80% of mural cells had recombined (Online Figure I, A-C).

PCR analysis of whole retinal lysates further confirmed the presence of a 380bp long Srf-exon 1 PCR
product (Srf-Ix) in Srf"“° mice, indicating successful recombination of the Srf-flex1 allele. In contrast, in
control mice, only a 1.34 kbp long PCR product, corresponding to the non-recombined LoxP flanked gene

sequence of the Srf-flex1 allele was amplified (Online Figure 1, D).

Additional gene expression analysis of retinal MC populations sorted via fluorescence-activated cell

sorting (FACS), showed efficient downregulation (over 99 %) of Srf expression (Online Figure |, E) in
6
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Srf*° mice. Taken together, our conditional gene deletion approach allowed for successful and reliable

deletion of Srf in MCs.

SRF function in PCs is crucial for normal development of the retinal vasculature

In order to investigate the effects of mural Srf deletion on retinal angiogenesis, we analyzed Srf"““ and
control retinas at P6. At this stage, the retinal vasculature is still actively sprouting and capillaries at the
sprouting front become invested by PCs. At the same time, the more proximal vascular plexus is
remodeling into a hierarchical network with arteries, arterioles, venules and veins. In Srf"““ retinas,
radial vessel outgrowth was delayed and the vascularized area and number of capillary branches were

decreased (

Figure 1, C-E). Increased levels of extravasated erythrocytes also suggested reduced barrier properties of

MCKO

the vasculature in Srf retinas (

Figure 1, F-G). We further observed a decrease in the number of tip-cell filopodia and a severe dilation
of blood vessels at the sprouting front (

Figure 1, H-l). In line with this, 5-ethynyl-2'-deoxyuridine (EdU) labeling of proliferating cells in
MCKO

combination with the EC specific nuclear marker ERG1 revealed an increase of EC proliferation in Srf

retinas (

Figure 1, J-K; Online Figure I, H). Besides the abovementioned effects on the angiogenic sprouting front,
the loss of Srf in MCs also affected remodeling of the proximal vascular plexus. We observed crossing of
arteries and veins, which represents a microvascular abnormality termed nicking and is also observed in
the human retina ** (Online Figure 1, F-G). We also noted abundant deposits of the basement membrane
protein collagen IV without attached endothelial cells, so called empty matrix sleeves (Figure 1, F), which
indicate excessive vascular pruning *°. These observations argue for defective remodeling and instability

of nascent vessels in the proximal vascular plexus (

Figure 1, F-G).

SRF mediates PC migration downstream of PDGFB via cytoskeletal re-arrangements

Since the vascular defects that we observed shared similarities with mouse models of postnatal PC

7,8,26 iMCKO

depletion , we addressed PC recruitment and coverage in Sr,

7

retinas. Immunostainings using
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antibodies against the PC markers NG2, DES and PDGFRB ? revealed a 50.6 % reduction of PC coverage at
the angiogenic sprouting front (Figure 2, A-B; Online Figure Il, A-B). Interestingly, vessels at the central
plexus showed only a 25.5 % reduction of PC coverage, suggesting that PC recruitment and migration

along newly formed blood vessels was especially affected.

To specifically address if PC migration is compromised upon Srf deletion, we isolated primary PCs from
the brain (pBPCs) of Srf-flex1 and control mice and performed migration assays. In order to delete Srf in
pBPC cultures, we exposed these cells to Tat-Cre, a membrane permeable version of the Cre
recombinase. Subsequent gPCR analysis showed that this approach led to an over 99 % reduction of Srf
MRNA and western blot analysis confirmed the loss of SRF protein (Online Figure llError! Reference
source not found., C-D). In scratch wound assays, Srf deleted pBPC cultures (hereafter referred to as Srf-
KO) showed a significant reduction in collective cell migration, as well as in the speed of individual
migrating cells (Figure 2, C-D, Online Video I). Likewise, we also observed reduced migration of Srf-KO

cells in a trans-well assay (Online Figure Il, E-F).

Since SRF is known to regulate cellular motility through transcriptional control of genes encoding
regulators of actin dynamics in other cell types (reviewed in Olson & Nordheim, 2010) ‘%, we used the
membrane permeable F-actin staining dye SiR-Actin */, to visualize actin dynamics in living cells, and
performed a series of time-laps experiments. These experiments revealed a substantial reduction of F-
actin in Srf-KO cells (Figure 2, E-F). In accordance, we also observed a significant reduction of beta actin
gene (Actb) expression in Srf-KO cells (Figure 2, F). We further tested to which degree SRF mediated
cytoskeletal re-arrangements are required downstream of PDGFB for PC migration. We therefore treated
starved pBPCs with PDGFB and live imaged the changes in actin dynamics using SiR-Actin. Upon PDGFB
stimulation, control pBPCs showed intensified actin dynamics and increased cell motility. In contrast, Srf-
KO cells displayed almost no reaction to PDGFB stimulation (Online Figure Il, G; Online Video Il). Taken

MCKO

together, these results indicate that the observed migration defects of Srf PCs are caused by the

inability of the actin cytoskeleton to respond to the natural PDGFB gradient originating from endothelial

tip cells.

-mTmG

In order to investigate PC morphology in vivo, we crossed the Rosa26 Mcko

reporter into the Srf
background and subsequently analyzed labeled PCs in Pdgfrb-CreER™’::Rosa26™ ™ :Srf-flex1/Srf-flex1
(SrfM™°) and Pdgfrb-CreER™::Rosa26™ ™ :Srf-flex1/wt littermate control retinas. In the absence of

mimG

tamoxifen, the Rosa26 reporter ubiquitously expresses tdTomato. However, upon tamoxifen

induction, Cre mediated recombination leads to expression of membrane tagged eGFP which reliably
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outlines cell morphology (Figure 2, G). We found that control PCs at the capillary plexus attached tightly
to the endothelium and extended numerous thin protrusions that connected PCs with each other. In

contrast, Srf"°

PCs displayed an overall less ramified morphology and only formed short and stubby
protrusions. At the angiogenic front, morphologic changes were even more pronounced. We noticed
that control PCs often extended filopodia, which were oriented towards the angiogenic sprouting front,
suggesting that PCs might use filopodia, similarly to ECs, for migration and to sense the PDGFB gradient
(Figure 2, G). In contrast, SRF-deficient PCs had entirely lost the ability to form filopodia, appeared
partially detached from ECs, and had adopted an abnormal cell morphology (Figure 2, G). The inability of
Srf*° pCs to form filopodia is in line with the actin remodeling defects that we observed in our in vitro
28,29

experiments and consistent with SRF function in ECs where it also regulates filopodia formation

Taken together, our results suggest a crucial role for SRF in PC migration via regulation of actin dynamics.

PDGFB signaling activates SRF via MRTF cofactors

The migration defects of SRF depleted PCs implied a direct role for SRF downstream of PDGFB signaling
in PC migration. Most SRF-mediated motility responses have been reported to be regulated via
RhoGTPase signaling. RhoGTPase activity stimulate F-actin polymerization, which depletes the cellular G-
actin pool. Cytosolic G-actin can bind to myocardin-related transcription factors A and B (MRTF-A and
MRTF-B) and thereby inhibiting nuclear translocation of MRTFs. Increased F-actin polymerization
diminishes cytosolic G-actin levels, thereby enabling nuclear translocation of MRTF-A and MRTF-B and
subsequent activation of SRF-directed transcription *’. To test if PDGFB also leads to SRF activation via
MRTF cofactors, we took advantage of a 3T3 cell line expressing GFP-tagged MRTFA-protein *. In order
to observe potential MRTFA-GFP nuclear translocation upon PDGFB stimulation, we starved these cells
overnight to cause MRTFA-GFP to predominantly localize in the cytoplasm (Figure 3, A). We
subsequently imaged the starved cells using time-laps-microscopy and, after 15 minutes, stimulated with
PDGFB (Online Video lll). Strikingly, PDGFB stimulation led to a 3.5-fold increase in MRTFA-GFP nuclear
translocation already within 5 min (T=20 minutes, Figure 3, A-B) and remained at high levels for another
5 min (T=25 minutes), before gradually shifting back to the cytoplasm. 35 minutes after stimulation
(T=50 minutes, Figure 3, A-B), the nuclear MRTFA-GFP signal was reduced to 1.5-fold compared to pre-

stimulation conditions and remained at this level for the rest of the experiment.

To investigate if PDGFB-induced nuclear MRTF translocation results in activation of SRF target genes, we

performed luciferase-based reporter assays with promoter sequences containing functional (TSM), or
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mutated (TMM), SRF binding sites (Figure 3, C) *®. PDGFB stimulation of 3T3 cells transiently transfected
with the (TSM), reporter significantly increased basal luciferase activity (Figure 3, D). Addition of the
MRTF inhibitor CCG-203971 abrogated the PDGFB-induced luciferase activation, demonstrating that
PDGFB activates SRF mediated transcription primarily via MRTF co factors. The (TMM), construct served
as negative control in those experiments, as SRF cannot bind to the mutated promoter sequence and
thus is unable to activate the transcription of target genes. In accordance, PDGFB stimulation does not
increase Luciferase activity in 3T3 cells transiently transfected with the (TMM), construct. To this end,
gPCR analysis of PDGFB stimulated pBPCs further indicated a strong induction of the MRTF-SRF target
genes Actb, Acta2 and Tagln (Figure 3, E). Interestingly, we did not observe the induction of immediate
early gene response genes Egrl and c-Fos, which are dependent on TCF-mediated SRF activation.
Instead, TCF-SRF target genes were evenly downregulated. Taken together, our results strongly suggest

that PDGFB-dependent SRF activation and transcription of target genes is mediated via MRTF co-factors.

SRF is a key determinant of pathologic PC activation

Recent work of Dubrac et al. (2018) has shown that, under certain pathologic conditions, PCs can acquire
disease promoting properties >*. Using the oxygen induced retinopathy (OIR) mouse model, it was shown
that excessive PDGFB-PDGFRB signaling leads to pathological activation of PCs, which promotes the
formation of neovascular tufts (NVT). NVTs are clustered capillary loops, which show excessive EC
proliferation and extravasation of RBCs. During OIR, PCs undergo a pathological switch accompanied by
upregulation of SMGs, which is characterized by strong expression of aSMA. Since our results suggested
that SRF regulates both PC migration and expression of aSMA, we hypothesized that SRF might be a
driving force of pathological PC activation during ischemic conditions. To address this hypothesis, we
performed OIR experiments and kept P7 Srf-flex1::Pdgfrb-CreER™ and control pups for 5 days under
hyperoxic conditions, which led to vaso-obliteration in the primary vascular plexus (Figure 4, A). We then
returned the mice to normal oxygen conditions (21 % O,), which provoked a strong hypoxic response and
resulting pathological revascularization and NVT formation. During the revascularization phase, we
applied tamoxifen to the pups (P12-P14) to induce Srf™¥° and analyzed the impact on NVT development
at P17.

Stainings with the endothelial marker CD31 revealed a significant reduction of NVT development by
38.5% (9.5 %; p=0.0025; Figure 4, B-C) and exhibited an improved revascularization, evident as a

reduction of the avascular area by 35.2 % (£21.2 %; p=0.0005) in Srf™*° OIR retinas. Co-stainings for

10
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MCKO

NG2 and desmin confirmed the presence of PCs on NVTs both in control and Srf OIR retinas (Figure

4, D; Online Figure lll, A-B). While in control retinas pericytes on NVTs displayed the characteristic

MCKO

upregulation of aSMA (Figure 4, D), the aSMA staining in Srf OIR retinas was reduced by 92% (Figure

4, D-E). We further confirmed by gPCR analysis that mRNA expression of Acta2, the gene encoding

aSMA, was almost completely lost in Srf™“

OIR retinal lysates (Figure 4, F), which strongly suggests that
pathologic activation of PCs was diminished. In addition, we observed that mRNA levels of Vegfa, the
main angiogenic driver, were also significantly reduced (Figure 4, F). This, in turn, could explain the

reduction in NVT formation and decrease in avascular area.

Taken together, our results show that SRF is a necessary player in the pathogenic activation of PCs during
OIR and that aSMA upregulation, a common finding in several vascular conditions, relies on the
activation of this transcription factor. The relevance of SRF for the phenotypic switch of PCs during OIR
makes it a potential target to prevent pathologic activation of PCs although its role during physiologic

angiogenesis (Figure 4, G) should not be overlooked.

SRF deletion in MCs triggers the formation of arteriovenous malformations

Since in Srf"““ mice, Srf is not only deleted in PCs but also in vSMCs, we wanted to study its
requirement for vSMC development and function in further detail. In order to visualize vSMCs during
early retinal development, we performed immunohistochemical staining for aSMA and NG2 at P6. In
control retinas, aSMA strongly highlighted part of the contractile machinery located in the cytoplasm of
vSMCs, whereas membrane-bound NG2 staining outlined the cell shape. Remarkably, in vSMC of Srf™°
retinas, the aSMA signal was lost (Online Figure IV, A). gPCR analysis of whole retina lysates from Srf-KO
pBPCs confirmed a dramatic drop of Acta2 gene expression (Online Figure IV, B). Despite the complete
absence of the aSMA signal, NG2 staining still marked the vSMC population on arteries (Online Figure 1V,
A-B), indicating that vSMCs were present but had lost Acta2 expression. An in-depth analysis of NG2-

MCXO retinas (Online

positive cell coverage on arteries indicated only a slight reduction of vSMCs in Srf
Figure IV, B). These results strongly argued that SRF is strictly required for aSMA expression in arterial

vSMCs.

To investigate the impact of Srf deletion during vascular remodeling, we analyzed retinas at P12. At this
stage, blood vessels sprout perpendicular form the primary retinal plexus in order to form the deep
plexus *. The tissue undergoes extensive remodeling and both arteries and veins progressively mature.
vSMCs become increasingly important as the blood pressure in arteries increases, and consequently

11
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contractile functions are crucial to regulate the vascular tone. At this stage, control retinas displayed a
stereotypical vascular pattern, with hierarchical organized blood vessels and a clear arterial-venous
zonation, implicating that blood flow is channeled from arteries into arterioles, capillaries, venules and

MCKO

subsequently into veins. In contrast, we observed severe patterning defects in Srf retinas (

Figure 5, A), in which both arteries and veins were significantly dilated (

Figure 5, B-C). Moreover, arteries often formed direct connections to the veins, forming arteriovenous

(AV)-shunts (

Figure 5, A). The venous portion of the AV-shunt was often severely dilated and misshaped. This
phenotype was highly penetrant, since we observed at least one AV-shunt in every analyzed P12 retina.
In addition, we noticed that the deep vascular plexus was considerably under-developed, as illustrated

by a reduced vascular area and a decreased number of vessel branch points (

Figure 5, D-E). Remarkably, deep plexus capillaries were completely absent directly underneath the Av-

shunts (
Figure 5, A).

The AV-shunts in Srf""“*° retinas morphologically resembled vascular malformations characteristic of
mouse models of hereditary hemorrhagic telangiectasia (HHT), a disease caused by mutations in the
TGFPB pathway **. In HHT mouse models, it has been reported that ECs that contribute to shunt-

34,35

formation proliferate at higher rates than neighboring ECs . To clarify if a similar mechanism could

explain AV-shunt formation in Srf"““

retinas, we performed in vivo proliferation assay using 5-ethynyl-
2’-deoxyuridine EdU in combination with the nuclear EC marker ERG1. Whereas ERG1 staining revealed
that EC density was locally increased in the malformed areas, EC proliferation

(ERG1" + EAU" counts/ERG1* counts) was markedly reduced in Srf™¥° retinas (

Figure 5, F-G). Immunostainings with the junctional marker VE-cadherin further demonstrated that the
shape of EC in the malformed regions was severely affected. While ECs on veins in control retinas were
elongated and showed a spindle-like morphology with straight adherence junctions, ECs at AV-shunts
had a more round morphology, were less elongated with irregular adherence junctions that appeared to

be partially overlapping and had a zick-zack morphology (

Figure 5, H). Furthermore, transmission electron microscopy (TEM) of AV-shunt regions revealed

enlarged basallaminae and intraluminal membrane invaginations originating from ECs (

12
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Figure 5, 1). Interestingly, intraluminal membrane invaginations have also been described in Pdgfb

mutant mice, in which PC recruitment is defective *°.

SREF is critical for the expression of contractile genes in vSMCs

While, overall, we only observed a marginal difference in MC coverage between control and Srf"*°

retinas (Figure 6, A; Online Figure V, A-D), we noticed, in AV-shunt areas, that the venous shunt-
portions showed an increased vSMC coverage, while arterial shunt-portions were often deprived of
vSMCs (Figure 6, A; Online Figure V, C-D). A 3D segmentation analyses of AV-shunt regions showed
striking morphological alterations of vSMCs (Figure 6, B) and high-resolution imaging further revealed
changes in the intracellular organization of the cytoskeletal protein desmin (Online Figure V, E). Taken
together with the complete absence of aSMA (Figure 6, C-D) these results suggested that the contractile

MCKO

ability of vSMCs is compromised in Srf retinas. To further investigate a potential reduction of vSMC

contractility, we determined the expression levels of genes, encoding typical contractile proteins in SMCs
2%3% 3nd found that Acta2, Mhy11 and Tagln were strongly downregulated in whole retinal lysates of
Srf° mice (Online Figure VI, A). We further used pBPCs cultures to study the expression of contractile
genes. In control pBPCs cultures, the addition of serum leads to a strongly induction of SMGs, such as
Acta2, Mhy11 and Tagin, whereas in Srf-KO cells the expression of those genes was almost completely

lost in any tested condition (Online Figure VI, B). Altogether, these results show that SRF is indispensable

for the expression of genes responsible for the contractile abilities of vSMCs.

In order to characterize the transcriptional changes that result from SRF deletion in MC in further detail,

MO mice with tamoxifen

we utilized an RNA sequencing (RNA-Seq) approach. We induced control and Srf’
from P1 to P3 and FAC-sorted PDGFRB* MCs from retinas at P12. We subsequently isolated RNA from
those cells and sequenced in triplicates. Expression analysis confirmed a high enrichment of mural
specific genes such as Pdgfrb, Rgs5 and Notch3, whereas genes typically expressed in other cell types
such as ECs (Pecaml, Cdh5) or astrocytes (Gfap) were underrepresented, which suggested that
sufficiently pure MC fractions had been isolated and sequenced (Online Figure VI, C). Principal
component analysis (PCA) of all sequenced datasets showed a sufficient reproducibility between samples

MCKO

within one group and a strong difference between the control and the Srf group (Online Figure VI,

D).

Differential gene expression analysis using a false discovery rate (FDR)-adjusted p-value < 0.05 and an
absolute log, fold change (fc) > 0.5 identified 2,265 upregulated and 2,537 downregulated genes (Figure
13
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6, E). Notably, we identified 517 differential expressed genes (DEGs; 350 up/167 down) which are under

control of SRF *"%#

. The expression of the majority of these DEGs (375) is controlled by the MRTF-SRF
signaling axis (Online Figure VI, E). Further, gene set enrichment analysis (GSEA) using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and the Gene Ontology (GO) databank resulted especially in
the identification of pathways linked to contractile functions of myocytes and SMCs (Figure 6, F).
Importantly, the GSEA identified numerous DEGs crucial for smooth muscle contraction (Figure 6, G),

and the downregulation of Acta2 and Tag/n in Srf*°

MCs could be confirmed. Strikingly, we also
observed a strong downregulation of numerous structural elements of the contractile apparatus such as
myosin light chain 9 (Myl9; log,fc: -2.59 +0.36), tropomyosin beta chain (Tpm2; log,fc: -2.96 +0.42) and
several members of the actin family such as Actal (log,fc: -3.68 +1.14), Actcl (log.fc: -2.69 +1.03) and
Actgl (logfc: -0.97 +0.31). Of note, multiple ion channel proteins important for Ca’* release into the
cytoplasm, which triggers vSMC contraction, were markedly downregulated (Cacnald, log,fc: -1.91
10.64; Cacnalf, log,fc: -2.46 +0.34; Kcnmal, log,fc: -2.92 10.42 and Kcnmbl, log,fc: -5.27 +0.7).
Furthermore, we noticed a partial downregulation of kinases which are involved in the regulation of the
vascular tone (Camk2b; log.fc: -2.61 £0.39 and Camk2d 1.09 +0.26 and Pakl; log,fc:-3.0+0.34).
Conversely, several integrins, Rho-GTPases and transcriptional elements were found to be upregulated in
Srf*° MCs. Most notably the SRF-cofactor myocardin (Myocd, log,fc: 3.08 +0.43), which binds to and
activates SRF and thereby leads to induction of muscle-specific gene expression®”. The upregulation of

those genes might reflect a compensatory mechanism aimed to limit the consequences that the loss of

SRF caused for mural cell function.

Loss of vascular tone in the absence of mural SRF

Our transcriptomic analyses of MCs, isolated from P12 Srf"*° and control retinas revealed a
conspicuous mis-regulation of genes involved in the regulation of the vascular tone. In order to explore
the biological significance of these results, we investigated the retinal vascular morphology of control
and Srf"*° mice at 3, 4 and 8 weeks of age in vivo via scanning laser ophthalmoscopy (SLO) and optical
coherence tomography (OCT). SLO confirmed a substantial enlargement of arterial and venous vessels in

MCKO retinas. Moreover we were able to classify the individual vascular alterations into

all examined Sr.
three different degrees of severity, ranging from mild and intermediate to severe (Online Figure VII, A-

B).
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Strikingly, there were also major abnormalities in the dynamic movement of vessel walls associated with

MCKO  retinas. Whereas the vessel wall of arteries in control retinas showed

blood pulsations in Srf
relatively scant movements, we observed exceptionally strong pulsating motion in the arterial wall of
Srf*° animals (Figure 7, A-C; Online Video IV). This finding is in strong support of a hemodynamically
relevant loss of the vascular tone. Moreover, in our longitudinal study, we further observed that arterial
and venous vessels gradually enlarged during the course of the experiment. This effect was quantified by
repetitive size assessment of identical vessels at 3, 4 and 8 weeks, respectively (Figure 7, D). In the most

severe cases, we observed that venous vessels ruptured (Figure 7, D), which further supports the

hypothesis that vSMCs had lost their ability to modulate blood pressure.

To investigate potential perfusion problems that could result from a loss of vascular tone, we analyzed
Srf"° and control retinas with SLO angiography, for which we used indocyanine green (ICG) as a

contrast agent. These results revealed profound alterations of the capillaries in Srf™*°

retinas, which are
suggestive of associated perfusion defects (Figure 7, A; Online Figure VII, A). The seemingly reduced
capillary perfusion likely has detrimental effects on the retinal tissue, as oxygenation and nutrient supply
are expected to be severely decreased. Consequently, we performed an assessment of retinal function
via electroretinography (ERG). The electroretinogram is a measure of retinal sum potentials triggered by
a brief light stimulus and mainly comprises the transient activity of photoreceptors and bipolar cells. A
series of light flashes of increasing intensity is commonly employed to investigate the integrity of the
visual system at the level of mainly the outer retina “°. A typical finding in the dark adapted (scotopic)

ERG in case of retinal hypoxia is a discrepancy between the initial negative wave (the a-wave) and the

subsequent positive wave (the b-wave), leading to a waveform shape called ‘negative ERG’.

MCKO .
animals as well as reduced b/a-

Indeed we clearly observed ‘negative’ scotopic ERG in eyes of Srf
wave ratios (Figure 7, E-F), indicating reduced retinal oxygenation, most likely as a result of defective
capillary perfusion. The grade of severity of vascular alterations was well correlated with the scotopic

ERG measurements (Figure 7, E-F; Online Figure VII, A).

To analyze if SRF is also needed for mural cells function in the mature vasculature, we induced its
deletion in adult mice. We injected 8-week old Srf-flex1::Pdgfrb-CreER™ and littermate control mice with
tamoxifen on 5 consecutive days (Online Figure VIII, A) and analyzed retinas after 2 and 12 months
respectively. After 2 months, the retinas showed no obvious vascular phenotype (data not shown).
However, after 1 year, we observed a significant dilation of arteries and veins (Online Figure VIil, B-C).

Co-immunostainings for desmin and aSMA did not indicate a substantial loss of vSMC coverage on
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arteries or veins, but revealed a marked reduction of aSMA expression, especially on veins (Online
Figure VIII, D-E). This suggests that SRF deletion in adult mice leads to a reduction in contractile protein
expression rather than a loss of vSMCs. In support of this hypothesis, we also observed a reduced

expression of Acta2 and Tag/n in whole brain lysates of in Srf""“°

mice (Online Figure VIII, F). In contrast,
we did not observe changes in the capillary network of those mice and conclude that SRF is dispensable

in adult retinal PCs.

4. Discussion

Our understanding of MC function has increased considerably in the past decade. It is now well
established that PCs play a key role in maintaining the integrity of the BBB and that their dysfunction

41-43
)

contributes to the progression of numerous diseases (reviewed in . Yet, despite recent advances,

many aspects of PC biology still remain poorly understood.

During angiogenesis, PCs are recruited to sprouting blood vessels via PDGFB/PDGFRB signaling ***.

PDGFB, which is produced and secreted by tip cells is retained in the extracellular matrix (ECM) of new
vessel sprouts via its retention motive *>. PCs, which in turn express PDGFRB, sense the PDGFB tissue
gradient and co-migrate along the nascent vessels sprouts *°. NCK1 and NCK2 adaptor proteins have

! However, which signaling

been proposed to mediate PDGFB dependent PDGFRB phosphorylation
molecules are activated downstream of PDGFRB during PC recruitment and how those molecules
regulate the cytoskeleton in order to mediate cell motility has not been well characterized. Here, we
demonstrate that PDGFB/PDGFRB signaling triggers translocation of MRTF co-activators to the nucleus,
where they associate with the SRF transcription factor and activate expression of a specific gene set that
subsequently regulate PC migration. Interestingly, MRTF-driven activation of SRF has previously been
reported in response to PDGFRA signaling in mesenchymal cells during craniofacial development ¥/,
suggesting that MRTF/SRF activation might be a conserved feature downstream of PDGFRs. Our data

suggests that SRF is a key regulator of cytoskeletal functions in PCs, as its deletion (Srf""“°

) led to severe
cytoskeletal and migratory defects in vivo. As a consequence, SRF-depleted PCs were unable to fully
populate the retinal vasculature, which resulted in a reduced PC coverage, especially at the sprouting

front, and caused vessel dilation as well as reduced barrier properties.

Recent studies have highlighted that PCs are not only crucial for normal vascular development and for

maintaining BBB barrier properties in the adult vasculature but can also acquire disease promoting

16


https://doi.org/10.1101/2021.11.26.470022

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470022; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

properties. Examples are the formation of vascular malformations as a consequence of RBP-J deletion in

PCs and their role as promoters of NVT formation in ischemic retinopathy **,

Here we demonstrate that the pathological features of PC activation in ischemic retinopathy are
mediated by SRF, which regulates PC migration downstream of PDGFRB signaling and activates the

MO mice showed reduced NVT formation, and

expression of SMGs. Accordingly, OIR experiments in Srf
improved revascularization. Remarkably, the pathological aSMA expression in PCs was completely

prevented.

In this regard, it is interesting to note that pathological activation of PCs shares certain similarities with
fibrotic reactions in which SMGs are expressed at high levels and excessive amounts of ECM proteins are
deposited *°. The fibrotic reaction is regulated, at least in part by the actin-MRTF-SRF axis *°, and recently
developed small molecule inhibitors that target MRTF function are promising candidates for the

treatment of fibrosis 7.

Besides its crucial role in PCs, SRF also plays essential roles in vSMCs, where it regulates the expression of

37,52

SMGs. These genes typically contain a CArG (-cis) element that serves as a SRF binding side and, in

part, encoded proteins that enable vSMCs to constrict and thereby to increase vascular resistance >>>*.
Through the modulation of vascular resistance, vSMCs are able to regulate blood flow in order to satisfy
the local demands for oxygen and nutrients *°. This implies, that a vessel branch that experiences a
stochastic increase in flow compared to its neighboring branch must be able to counterbalance that
increased flow rate to ensure an equal blood distribution. This is attained by an increase in resistance in
the affected branch due to vasoconstriction, which naturally leads to an increased flow in the

56,57

neighboring branches, where resistance is lower . This property of vSMCs has been termed the
myogenic response *°. In Srf“° mice, vSMCs fail to express typical SMGs and are no longer able to
mediate the myogenic response. Consequently, flow redistribution cannot be achieved and initial
stochastic changes in local blood flow cannot be adequately redirected. We propose, that, as a
consequence, some branches develop into AV-shunts that funnel a proportion of the blood directly to
the venous circulation (Figure 7, E). This relives the pressure from surrounding vessels and ensures a
certain functionality of the retinal vasculature. These shunts form, where one would expect, in the
retinal periphery, where the distance between arteries and veins is the shortest. Nevertheless,

electrophysiological measurements revealed that retinal function and thus, vision, is severely impaired

by the reduced perfusion.
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In this context it is interesting to note that similar roles of SRF have been reported in visceral SMCs,
where Srf deletion led to impaired contraction and thus to severe dilation of the intestinal tract *>**. The
fully developed retinal vasculature seems to be more robust to changes. Mural Srf deletion in adult mice
did not lead to AV-shunt formation which is likely attributed to the low plasticity of fully matured blood
vessels. In this context, it is worth noting that adult deletion of SRF did not result in a complete loss of
aSMA in arterial SMCs. It is thus possible, that the remaining aSMA protein levels maintain a sufficient
degree of contractile function and that, because of this, AV-shunts did not form. However, the diameter

of arteries and veins significantly increased in aged Srf""°

mice, and we observe a significant reduction
of contractile proteins. In contrast, PCs at the capillaries seemed unaffected, suggesting that SRF is

dispensable for PC homeostasis.

The finding that defective MC function can trigger the formation on AVMs, might be of broader medical
relevance. AVMs are hallmarks of HHT, a human disease caused by autosomal dominant mutations in
genes of the TGF-B signaling pathway, in particular ENG or ACVRL1 **. In HHT, AVMs commonly form in
the nose, lungs, brain or the liver and affected individuals often suffer from nasal and gastrointestinal
bleedings. Rarely occurring AVMs in the CNS can even be live threatening *°. Thus far, MCs have not been
directly implicated to trigger HTT-like malformations, although they have been found to be immature on
AVMs and are thought to contributing to the instability of vessels *°. In addition, recent reports indicate

the potential importance of MCs coverage in treatment of HHT *>°*

. Furthermore, Sugden and colleagues
recently also highlighted the importance of haemodynamic forces in this context and demonstrated that
ENG function is necessary to mediate blood flow induced EC shape changes which limit vessel diameter
and prevent the formation of AV-shunts ®*. This is in line with our hypothesis, which suggests that blood
vessel dilation and AV-shunt formation can be triggered if haemodynamic changes are not counteracted.

MO mice this is likely caused by the loss of the myogenic response. Our study

We propose, that, in Srf’
suggests that vSMC can play a fundamental role in the development of AVMs and might put vSMC in

AVM research in a future focus.
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Figure 1| SRF-deficient Pericytes (PCs) impair early vascular morphogenesis of the retina. (A) Schematic representation of the
Pdgfrb(BAC)-CreER™ transgene and Cre-mediated recombination of the Srf-flex1 allele. (B) Tamoxifen administration regime and
time point of analyses. (C) Epifluorescence overview images (upper panel) and confocal images (lower panel) of whole mount
retinas stained for ICAM2 to visualize vascularization and vascular outgrowth of the primary vascular plexus. Scale bar, 250 pm.
(D) Comparison of vascular branch points in control and SrfMCKO retinas. Red dots indicate branch points. Scale bar, 100 um (E,
G, K) Quantifications of morphometric parameters, pruning, leakage and endothelial cell (EC) proliferation. (F) Confocal images
of vascular pruning events visualized by empty Collagen IV sleeves (upper panel; yellow arrowheads) and vascular leakage,
visualized as IB4 positive immune-cells extravasation (upper panel; white arrowheads) and Ter119 positive red blood cell
extravasation (lower panel). Scale bar, 100 um. (H-1) High-resolution confocal images of tip cell filopodia at the sprouting front
(stained by IB4, marked by red dots) and respective quantification. Scale bar, 50 um. (J) Confocal images EC proliferation
(EdU*/ERG1") at the angiogenic front. Scale bar, 50 pm. Error bars show s.d. of the mean. Statistical comparison by unpaired t-
test with Welch’s correction. Number of analyzed animals (n) is indicated. ns = not significant, *p<0.05, **p<0.01, ***p<0.001.
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Figure 2| SRF controls cytoskeletal homeostasis and migration of pericytes (PCs). (A) Confocal image showing PC coverage
(NG2,green) on vessels (ICAM2, magenta) at the angiogenic front (AF; upper panel) and the capillary plexus (CP; lower panel).
Scale bar, 100 um. (B) Respective quantification of PC coverage. (C-D) Confocal images of a 20h post scratch wound assay and
respective quantifications using control and Srf-KO pBPCs, stained with the F-Actin staining dye SiR-Actin . Scale bar, 250 um. (E)
Srf-KO and control pBPC cultures stained with SiR-Actin. Note the reduction of F-actin in Srf-KO cells. Scale 100 pum. (F)
Respective quantification of actin positive area and relative transcript levels of Actb determined by gPCR. (G) High resolution
confocal images of PCs labeled by mTmG reporter expression (green) at the CP and the AF. ECs are stained with isolectinB4
(1B4). Red arrowheads point to tube like protrusions (in the capillary plexus) or filopodia (in the angiogenic front). Note the
absence of filopodia as well as the shortened and flattened protrusions at SrfMCKO PCs. Scale bars, 25 um, 10 um (magnified).
Error bars show s.d. of the mean. Statistical comparison by Mann Whitney test. Number of independent animals/repetitions (n)
is indicated. ns = not significant, ¥*p<0.05, **p<0.01, ***p<0.001.
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Figure 3| PDGFB signals towards SRF via MRTF cofactors. (A) Confocal live imaging of 3T3 cells stably transfected with MRTFA-
GFP (green). The cells are shown before and after PDGFB stimulation. Time points are indicated. Scale bar, 50 um. (B)
Quantification of nuclear mean intensity of MRTFA-GFP signal over the time course of the experiment. In total, 29 cells were
quantified. The experiment was carried out three times (n=3). Standard error of the mean (s.e.m.) is indicated in green. (C)
Vector constructs used for luciferase assay, containing TCF, SRF and AP1 binding sites. Thymidine kinase minimal promoter
(TK120) drives basal luciferase (LUC) expression. Symbols with dashed borders indicate mutated (unfunctional) binding sites. (D)
Luciferase assay to verify SRF-driven luciferase activity upon PDGFB stimulation. Activity was modulated using vector constructs
(TSM), and (TMM), as well as by using the MRTF inhibitor CCG-203971. (E) Gene expression analysis using gPCR of MRTF-SRF
target genes (Acta2, Tagln and Actb) as well as TCF-SRF target genes (Egrl and c-Fos) in starved and PDGFB stimulated Srf-wild
type (green and red bars) and Srf-KO (blue bars) pBPCs. Error bars indicate s.d. of the mean. Statistical comparison by one-way
ANOVA (Tukey’s multiple comparison test). Number of independent repetitions is indicated. ns = not significant, *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4| SRF is a key determinant of pathological pericyte (PC) activation. (A) Experimental outline of oxygen induced
retinopathy (OIR) experiments (P indicates postnatal days). (B) Epifluorescence overview images of Srf”° and control OIR
retinas. The avascular (blue) and neovascular tuft (NVT) area (red) are highlighted in the lower panel. Note the reduction of
avascular and NVT area in SrfMCKO retinas. Scale bars, 1 mm. (C) Quantification of avascular (upper graph) and NVT area (lower
graph). (D) High resolution confocal images of NVTs in control and Sr; MC&KO OIR retinas stained by NG2 (green, first row), aSMA
(green, second row) and the endothelial cell marker ICAM2 (magenta, first row). Scale bar, 100 um. (E) Quantification of PC
coverage by NG2 staining as well as pathologically activated PCs by aSMA staining. (F) Quantification of relative transcript levels
of Srf, Acta2, Pdgfb and Vegfa determined by qPCR from whole OIR retina lysates. (G) Mechanistic model of SRF guided PC
functions under physiological and pathological conditions. Error bars show s.d. of mean. Statistical analysis by unpaired t-test
with Welch’s correction. Number of analyzed animals (n) is indicated. ns = not significant, *p<0.05, **p<0.01, ***p<0.001.
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Figure 5| SRF-deficient vascular smooth muscle cells (vSMCs) trigger the formation of arteriovenous (AV)-shunts. (A) Epi-
fluorescence overview (upper row) and confocal images (lower panels) of P12 control and SrfMCKO retinal whole mounts, stained
using the endothelial marker ICAM2. The yellow dashed squares indicate magnified regions of superficial and deep plexus
(middle and lower columns). Arteries (A), veins (V) and the arteriovenous malformation (AVM) are annotated in yellow letters.
Scale bar: 1 mm (upper row), 500 um (middle and lower row) (B) Confocal, images of representative arteries and veins
indicating the dilation of both vessel types in SrfMCKO retinas. (C) Quantification of artery and vein diameters. (D) Representative
confocal image of the deep plexus. (E) Quantification of the vascular density. Scale bar, 150 um. (F) AV-shunts and control veins,
showing proliferating cells (EdU, blue), blood vessels (ICAM2, red) and endothelial nuclei (ERG1, green). White lines define the
border of malformations or respective control positions, and outline the vessel shape (second and forth column). Images in the
third and fourth columns show magnification of the yellow dashed squares of the panels in the first column. Scale bar, 100 um
(left) and 50 pm (right). (G) Quantification of the EC density (ERG1+ counts/ICAM2+ area) and EC proliferation (ERG1"
counts/ERG1"+EdU" counts). (H) High resolution confocal image of the junctional EC-specific protein VE-Cadherin, visualizing the
shape of endothelial cells. Scale bar, 20 um. (I} Electron microscopy images of control veins and malformed Sr; Mcko veins,
visualizing ultrastructural changes. Black arrowheads pointing to EC membrane invaginations. Note also that the basal lamina
(BL, pseudocolored in yellow) is thickened in Srf™“©. Scale bar, 1 um. Error bars indicate s.d. of the mean. Statistical comparison
by unpaired t-test with Welch’s correction. Number of analyzed animals (n) is indicated. ns = not significant, *p<0.05, **p<0.01,
**%p<0.001
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Figure 6| Dysregulated expression of contractile genes in SRF”™C mural cells (MCs). (A) Confocal images of retinal

vasculatures genetically labeled with the Rosa26™¢ reporter for MCs (GFP, green) and co-stained for CD31 (ECs, blue). Arteries
(A), veins (V) and arterio-venous malformation (AVM) are highlighted with white letters. Note MC free area of arteries at the
periphery in the SrfMCKO retina. White arrowheads point at MCs, which round up and appeare to detach from the endothelium
in Srf”*° animals. Scale bars, 500 um (top panel) 100 um (lower panel). (B) 3D rendering of confocal images showing
morphological abnormalities of MCs in AV-shunts of SrfMCKo retinas and corresponding venous areas in control retinas. (C)
Confocal images of arteries and veins of Srf""*° and respective control retinas stained for aSMA (green), ICAM2 (blue) and NG2
(magenta). Note the loss of aSMA signhal in arterial and venous MCs of SrfMCKO retinas despite the presence of NG2. Scale bar, 25
um. (D) Quantification of aSMC coverage determined by NG2- /ICAM2 area, aSMA-/ICAM?2 area and aSMA signal intensity on
arteries. (E) Vulcano plot displaying RNA-Seq detected genes according to the degree of dysregulation (log2 fold change). Red
dots indicate significantly (p<0.05) dysregulated genes. (F) Gene set enrichment analysis (GSEA) of RNA-Seq dataset of SrfM©
and control MCs. Positive normalized enrichment scores (NES) indicate pathways containing downregulated genes whereas
negative NES indicate pathways containing genes which are upregulated. Representative summary of tested contraction-related
gene sets within the GO, Reactome and Biocarta databases. (G) Gene expression log2 fold changes of selected genes identified
by the RNA-Seq methodology and subsequent GSEA. Listed genes are essential contributors to smooth muscle cell (SMC)
contraction and were functionally grouped (headings). Framed bars indicate frequently used SMC markers. Error bars indicate
the standard error of the mean (s.e.m.). All presented genes were significantly dysregulated (p<0.05). Statistical comparison by
unpaired t-test with Welch’s correction. Number of analyzed animals (n) is indicated. ns = not significant, *p<0.05, **p<0.01,
***p<0.001
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Figure 7| Srf"*° vascular smooth muscle cells (vSMCs) lose their ability to maintain the vascular tone. (A) Scanning laser
ophthalmoscopy (SLO) and optical coherence tomography (OCT) live in vivo imaging of 4 weeks old control and SrfMCKO animal.
Native SLO and Indocyanine green (ICG) perfused angiography highlighting vessel structure and perfusion whereas OCT imaging
highlighting optical section of the retina. (B) Representative control and SrfMCKO artery at two timepoints (T1 and T2) indicating
vessel movements. The dashed black line indicates T1. (C) Respective measurement of arterial vessel diameter shown in (B). (D)
Serial angiography imaging of the same SrfMCKO eye at 3, 4 and 8 weeks. Note the rupture of the venous vessel at 8 weeks. The
right panel shows magnification of the numbered and dashed black boxes shown in the first two panels. Venous (1 and 3) and
arterial (2 and 4) diameters are annotated. (E) Examples of in vivo electroretinography (ERG) data from the scotopic single flash
intensity series, obtained from a control and 3 differently affected mutant animals at the age of 4 weeks. Note the reduced
overall size of responses in the mutants, together with a relatively strong reduction of the b-wave component in comparison to
the a-wave component. (F) Quantification of the ERG b/a-ratio for the results shown in (E) indicating increasing retinal hypoxia
and a growing functional deficit of vision (G) Model depicting how the loss of vascular tone could trigger the development of
arteriovenous {AV)-shunt formation in Srf™*° mutant mice.
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