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ABSTRACT 

 

Kureli, G., Molecular Motor Contractile Mechanism of Retinal Pericytes, Hacettepe 

University Graduate School of Health Sciences, Neuroscience Program, Doctor of 

Philosophy Thesis, Ankara, 2020. Although it is known that capillary pericytes 

function in the regulation of capillary tone and blood flow, the contractile proteins 

involved in these processes are unidentified. It is likely that α-SMA functions as a part 

of contractile apparatus in pericytes as it does in smooth muscle cells. Therefore, we 

examined the expression of α-SMA along the mouse retinal microvascular network 

together with the expression of Myh11 protein, which we identified as the potential 

myosin heavy chain isoform candidate based on the single cell transcriptomic data in 

the literature. We found that α-SMA is expressed by capillary pericytes, but 

depolymerization must be prevented for its demonstration in downstream segments, 

in contrast to Myh11, which highly colocalizes with α-SMA but is present throughout 

the microvascular tree. Immunofluorescent signals delineated close association of α-

SMA and Myh11, which was also confirmed by high FRET efficiency, oriented as thin 

strands reminiscent of stress-fibers, conforming to a contractile function. The 

functional correspondence of this spatial association was evaluated by inhibition of 

actomyosin cross-bridge cycling with blebbistatin, which prevented noradrenaline-

induced vasoconstriction. Alongside, a supportive mechanism in cellular contraction, 

actin polymerization, was assessed using markers identifying filamentous and 

globular forms of actin. After intravitreal noradrenaline application, actin 

polymerization was pronounced in downstream capillary pericytes, suggesting a need 

for actin polymerization for contractile force generation because they express α-SMA 

in low quantities. In conclusion, pericytes contract using actomyosin cross-bridge 

cycling, which is supplemented by actin polymerization in downstream pericytes. 

Key Words: pericyte, actin, myosin, contractility, retina  

This study is supported by Hacettepe University Scientific Research Projects Coordination Unit with 

the project number THD-2018-17247.  
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ÖZET 

 

Küreli, G., Retinal Perisitlerin Moleküler Motor Kasılma Mekanizması, Hacettepe 

Üniversitesi Sağlık Bilimleri Enstitüsü Temel Nörolojik Bilimler Programı, Doktora 

Tezi, Ankara, 2020. Kılcal perisitlerin tonus ve kan akışının düzenlenmesinde görev 

yaptığı bilinmesine rağmen, bu süreçlerde yer alan kasılabilir proteinler henüz 

tanımlanmamıştır. Düz kas hücrelerinde olduğu gibi, α-SMA'nın perisitlerdeki kasılma 

aparatının da bir parçası olarak işlev görmesi muhtemeldir. Bu nedenle literatürdeki 

tek hücre-transkriptomik verilerine dayanılarak fare retinal mikrovasküler ağı 

boyunca, perisitlerdeki miyozin ağır zincir izoform adayı olarak belirlenen Myh11’inki 

ile birlikte α-SMA ifadesi incelenmiştir. α-SMA'nın aşağı segmentlerde 

gösterilebilmesi için depolimerizasyonun önlenmesi gerektiği, bunun aksine α-SMA 

ile yüksek oranda kolokalize olan Myh11'in tüm mikrovasküler ağ boyunca mevcut 

olduğu görülmüştür. α-SMA ve Myh11'in immünofloresan sinyaller ile gösterilen 

yakın ilişkisi yüksek FRET verimliliği ile de teyit edilmiş ve sinyallerin kasılma işlevi ile 

uyumlu, stres liflerini anımsatan ince iplikler olarak yerleştiği görülmüştür. Bu uzaysal 

ilişkinin işlevsel karşılığı, aktomiyozin çapraz köprü döngüsünün inhibitörü 

blebbistatin kullanılarak noradrenalin ile uyarılmış vazokonstriksiyonun önlenmesiyle 

değerlendirilmiştir. Bununla birlikte, hücresel kasılmada destekleyici bir mekanizma 

olan aktin polimerizasyonu, aktinin filamentöz ve globüler formlarını tanıyan 

belirteçler kullanılarak değerlendirilmiştir. İntravitreal noradrenalin uygulamasından 

sonra, aktin polimerizasyonu aşağı segmentlerdeki kılcal perisitlerde belirginleşmiş, 

bu da bu bölgedeki az miktarda α-SMA ifadesi nedeniyle kasılma kuvveti üretimi için 

aktin polimerizasyonuna ihtiyaç olduğunu düşündürmüştür. Sonuç olarak perisitlerin, 

aşağı segmentlerde aktin polimerizasyonu ile desteklenen aktomiyozin çapraz köprü 

döngüsünü kullanarak kasıldığı bulgusuna erişilmiştir. 

Anahtar kelimeler: perisit, aktin, miyozin, kontraktilite, retina 

Bu çalışma Hacettepe Üniversitesi Bilimsel Araştırma Projeleri Koordinasyon Birimi tarafından THD-

2018-17247 numaralı proje ile desteklenmiştir. 
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1. INTRODUCTION 

 

Pericytes are contractile microvascular mural cells. In vascular segments 

proximal to the microvasculature (upstream segments), the primary mural cell type 

is the vascular smooth muscle cell (vSMC), whose actomyosin contractile machinery 

and its support by actin polymerization, have been well characterized (1). In contrast, 

reservations have been voiced regarding pericyte contractility in vivo (2-4) and their 

role in cerebral and retinal blood flow regulation (5, 6), especially for the ones located 

on downstream capillaries. Therefore, deeper insight into the contractile 

mechanisms of central nervous system (CNS) pericytes located on various 

microvascular segments is required for a better understanding of the physiological 

and pathological processes involving pericyte contraction. 

Pericytes share several common features with vSMCs although they have 

distinct properties and display varying phenotypes along the microvascular tree (7). 

Prompted by in vitro cell culture studies suggesting presence of actin polymerization-

mediated as well as actomyosin-mediated contraction in pericytes (8), we sought to 

explore whether or not pericytes use a similar contractile apparatus to vSMCs and 

cultured pericytes under in vivo conditions as well and how this phenotype varies 

along the course of microvasculature between the up- and downstream pericytes. 

Therefore, we tested the following hypotheses: 

• Organization of actin bundles is suggestive of a contractile function 

• Retinal pericytes express Myh11 and it colocalizes with α-SMA 

• Actin and myosin in pericytes interact and are functionally coupled 

• Actin polymerization is a supportive mechanism to actomyosin mediated 
pericyte contraction 

We found that the pattern of α-Smooth Muscle Actin (α-SMA) 

immunostaining was suggestive of a contractile function, with a variation in 

orientation of the bundles along the vasculature. We also detected the smooth 

muscle isoform of myosin heavy chain (Myh11) in retinal pericytes, which highly 

overlapped with α-SMA immunostaining, suggesting presence of an actomyosin 
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coupling-mediated contractile machinery. We supported this histological finding by 

pharmacological inhibition of myosin ATPase (Adenosine Triphosphatase), an enzyme 

involved in actomyosin mediated contraction with blebbistatin administered prior to 

a vasoconstrictive agent, noradrenaline (NA) (1, 9). Inhibition of myosin ATPase 

prevented constriction of downstream retinal microvascular segments, supporting 

the idea that pericyte contractility is mediated by actomyosin cross bridge cycling. 

We also investigated actin polymerization in pericytes, an adjunctive contractile 

mechanism in smooth muscle cells (1, 10). After the induction of retinal pericyte 

contraction by intravitreal NA, we found that filamentous/globular (F/G) actin ratio, 

a microscopy-based index of actin polymerization, was increased in downstream 

pericytes, suggesting a supplementary role for F-actin polymerization in pericyte 

contractility as in vSMCs. 
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2. GENERAL INFORMATION 

 

2.1. Pericytes 

Pericytes are vascular mural cells located around microvessels, including the 

pericapillary arterioles, capillaries and postcapillary venules. They were first 

described by Rouget (1879) (11) and, hence, initially named as “Rouget cells”. Later 

Zimmermann (1923) (12) re-named them as pericytes due to their prominent position 

around the microvasculature (13). A distinctive feature of these cells is their typical 

microscopic appearance reminiscent of a “bump on a log”. Another characteristic 

feature of pericytes is that they are ensheathed by two layers of basement 

membrane that they share with the neighboring endothelial cells (ECs) (14).  

Pericytes are in close interaction with each other and also with neighboring 

ECs, both structurally and functionally, through gap junctions placed on their 

interdigitating, “peg and socket” type of cytoplasmic extensions penetrating through 

the basement membrane into the ECs. Signaling pathways involving PDGF-B, TGF-β, 

angiopoietins, sphingosine-1-phosphate and Notch play roles in pericyte EC 

interaction (15). PDGF-B/PDGFR-β (Platelet-Derived Growth Factor-B/Platelet-

Derived Growth Factor Receptor-beta) signaling pathway is crucial for pericyte 

survival, proliferation and migration. In models of defective PDGF-B/PDGFR-β 

signaling, pericyte coverage decreases, causing endothelial hyperplasia, 

microaneurysms and hemorrhages (13). By way of these interactions, pericytes also 

aid in the maintenance of blood-brain barrier (BBB) / blood-retina barrier (BRB). ECs 

were shown to have increased transcytosis by electron microscopy in the absence of 

pericytes (16, 17).  

Pericytes comprise a heterogenous cell population differing in their 

expression profiles and morphology depending on their developmental stage or 

position along the vascular axis (13). They are also heterogenous in terms of their 

origin, deriving from ectoderm (neural crest) or mesoderm (14). Morphological 
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heterogeneity of pericytes is illustrated in Figure 2.1. Pericytes around precapillary 

arterioles and at bifurcation points of capillaries are of wrapping, ensheathing or 

mesh type, conforming to a contractile function. Those lying along the capillaries are 

named as midcapillary or thin-strand/helical pericytes based on their morphology 

with thin and long extensions. Some researchers argue that they do not have a 

contractile function but take part in regulation of BBB/BRB maintenance (2). Those 

around postcapillary venules display a stellate morphology, and they are thought to 

regulate leukocyte trafficking across vascular wall. 

 

Figure 2.1. Pericyte morphology varies along microvasculature. Pericytes attain 
mesh-like morphology around precapillary arterioles, helical or thin-
strand morphology around middle-capillary region and mesh/stellate-like 
morphology around postcapillary venules. Variations in structure are 
thought to be correlated with function. Insult to pericytes at different 
locations are associated with no-reflow phenomenon, BBB permeability 
and leukocyte infiltration (18). 

Many pericyte-specific markers have been proposed: PDGFR-β, NG2/Cspg4 

(Neural glial antigen 2/Chondroitin sulphate proteoglycan 4), CD13 (alanyl membrane 

aminopeptidase), desmin, vimentin, and recently Kir 6.1 (Potassium inwardly 

rectifying channel, subfamily J, member 8) (13, 19). However, none of these markers 

are specific to pericytes, as they are also expressed by other cell types in CNS: PDGFR-

β, NG2, desmin and vimentin are expressed by vSMCs. Oligodentrocyte precursor 

cells are NG2 positive. It should also be noted that some of the mentioned putative 

markers are contractile proteins such as desmin and vimentin, which are 

intermediate filament proteins expressed by smooth muscle cells (20). A recent study 

utilizing RNA-seq and in situ hybridization suggested two novel pericyte marker 
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candidates (vitronectin and interferon-induced transmembrane protein), which are 

not validated for routine use yet (21). 

As pericytes and vSMCs share almost all of the proposed pericyte markers, 

differentiation of these two cell types must not solely depend on a single marker 

expression, but a combination of markers or a combination of immunologic detection 

with morphological definition criteria and localization along the vascular tree (13, 14). 

2.1.1. Pericyte Contractility and Blood Flow Regulation 

Pericytes are contractile cells, just like the other upstream vascular mural cell, 

vSMCs, which form circular bands around larger upstream vessels. Although these 

two cell types have much in common, pericytes morphologically differ from vSMCs 

with their longer and thinner processes incompletely covering the vessel, 

intermittent localization of their soma, a soma/nucleus protruding out the vessel wall 

and being embedded within two layers of basement membrane (22). They reach the 

highest density in mammalian body in CNS with a pericyte to endothelial cell ratio of 

1:3-1:1 (23). As CNS vasculature is unique in having blood flow regulation with fine 

spatial resolution and BBB/BRB properties, the high pericyte density is thought to 

underlie these functional specializations.  Moreover, pericytes are also involved in 

angiogenesis, removal of toxic metabolites, inflammation, regeneration and 

limitation of EC proliferation (19, 24). 

Pericytes are one of the members of the neurovascular unit (NVU), along with 

neurons, astrocytes and ECs. Each component of the NVU closely communicates to 

provide neurovascular coupling (NVC) for delivering more blood flow as neural 

activity increases, a vital vascular response called functional hyperemia (13). This 

phenomenon is the physiological basis for blood oxygen level dependent (BOLD) 

signal in fMRI (functional Magnetic Resonance Imaging) (25). Close interaction of 

pericytes with the other members of the NVU makes it a crucial player in NVC.  

Although Fernández-Klett et al. (5) initially reported that functional 

hyperemia was not mediated by dilation of microvessels in case of pharmacologically 
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induced seizure activity, Hall et al. (26) later clearly demonstrated capillaries actively 

dilated about one second before arterioles during sensory stimulation in mouse 

cortex in vivo. Supporting the idea that capillaries actively participate in NVC, most of 

the perivascular nerve endings in CNS end around capillaries, rather than arterioles 

(24). On the other hand, Rungta et al. (27) showed that upstream vessels dilate before 

downstream capillaries in olfactory bulb upon stimulation, although red blood cell 

(RBC) velocity increases faster in downstream capillary segments still supporting the 

active role of capillary/thin-strand pericytes in NVC. Therefore, pericytes on upstream 

and downstream vessels might be contributing to NVC differentially. Pericytes on the 

upstream microvessels have been shown to relax and contract in response to neural 

activity to match tissue blood flow demand, contributing to the NVC at the 

microcirculatory level (26, 27) (Figure 2.2.). Whereas, downstream pericytes has the 

capability to adjust their stiffness, hence, they are thought to modify capillary blood 

flow by changing the distal capillary resistance (27-29).  

 

Figure 2.2. Pericytes on upstream and downstream vessels might be contributing to 
NVC differentially. Rungta et al. (27) divided vascular network of olfactory 
bulb into functional units. The unit 1, which is the closest one to synaptic 
activity, represents capillary pericytes. With synaptic activation, 
upstream units display faster luminal diameter increases, although 
downstream units reach higher RBC flux rates earlier. This is attributed to 
the differential organization of contractile fiber bundles, which are 
organized circularly in upstream segments to change the luminal 
diameter primarily, and helically in downstream segments, being 
attributed to the vascular wall resistance changes easing the flux of blood 
cells (27). 

In addition to coupling through gap junctions with neighboring cells, 

responsiveness of pericytes to vasoactive mediators such as catecholamines, 
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endothelin-1, thromboxane, ATP, nitric oxide, prostaglandins, and the end products 

of neural activity such as potassium, adenosine and lactate (24) can set the pericyte 

contractility in a coordinated way with other components of the NVU. The 

responsiveness of pericytes to these mediators has been shown ex vivo, in isolated 

rat retina and cerebellar slices (30) and also in vivo in the cortex (5). 

In case of a dysfunction in NVC, a mismatch between blood flow and tissue 

demand arises. This situation is observed in diseases involving microvasculature, such 

as Alzheimer’s disease (31), diabetic retinopathy (32), and acute ischemic stroke (18).  

The current treatment approach for acute ischemic stroke is recanalization either by 

mechanical removal of the thrombus (thrombectomy) or thrombolysis with tissue 

plasminogen activator. Although both approaches are effective in recanalizing large 

vessels, microcirculatory dysfunction persists, hampering complete tissue 

reperfusion. This condition, named as no-reflow phenomenon blocks the passage of 

RBCs and leads to ineffective oxygen extraction, although plasma may continue to 

flow (33, 34). This blockage was initially thought as a result of swollen ECs and 

astrocyte endfeet but it was later realized to be mainly caused by persistent pericyte 

contraction, triggered by reactive oxygen species and sustained elevation of 

intrapericytic calcium (35-37). 

2.2. Contractile Proteins  

2.2.1. Actin 

Actin, the evolutionarily conserved microfilament protein, is the most 

abundant protein (20% of the total cellular protein) in mammalian cells except for a 

few cell types. (16, 38, 39).  As a structural protein, its turnover is very slow, counted 

by weeks in muscle cells (39). Only 7% of the F-actin is formed from newly synthesized 

monomers, otherwise, the primary source is polymerization of the existing pool of G-

actin (40). 

Actin has 6 different mammalian isoforms which are coded by different genes 

and highly similar in amino acid sequence (95% homology): α-skeletal muscle actin, 
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α-cardiac muscle actin, α-smooth muscle actin, γ-smooth muscle actin, γ-cytoplasmic 

actin and β-cytoplasmic actin. Most of the difference stems from the amino acid 

sequences at the N-terminal region, which alters the binding properties of isoforms 

to actin binding proteins (16, 41) (Figure 2.3.). This differential binding is thought to 

differentiate between muscular and cytoplasmic isoforms, as well as differential 

distribution of the isoforms within cytoplasm (41, 42). Cytoplasmic actin isoforms are 

ubiquitously expressed while muscle isoforms are cell type specific. Knockouts of α-

skeletal (43) and cardiac muscle (44) and β-actins (45) are not compatible with life in 

transgenic mice. α-smooth muscle actin knockouts are viable, but develop vascular 

aneurysms and blood pressure regulation problems (46), whereas γ-cytoplasmic actin 

knockouts have hearing problems (47). Isoforms coexisting in a cell are thought to be 

differentially distributed by their different binding dynamics or by targeting of 

transcripts. Distribution of the isoforms is cell type specific: For example, α-skeletal 

muscle actin is confined to sarcomeres whereas γ-cytoplasmic actin is found in other 

cellular localizations in the muscle (42). Between the cytoplasmic isoforms, β-

cytoplasmic actin is considered as the more dynamic one, being targeted to active 

membranous regions such as growth cones of neurons. (48).  β-cytoplasmic actin also 

colocalizes with myosin II in contractile rings of dividing cells (41). 

 

Figure 2.3. Sequence differences of actin isoforms. A shows alignment of actin 
isoforms by N terminal and B shows isoform sequence differences on an 
F-actin model. Red sequences vary most between all isoforms, whereas 
blue sequences mainly vary between muscle and cytoplasmic isoforms. 
Yellow indicates substitutions within cytoplasmic isoforms and green 
within muscle isoforms (42). 
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Cytoplasmic and smooth muscle isoforms of actin were detected in cultured 

pericytes (49). Although capillary pericytes were previously reported not to express 

α-SMA (2, 50), the presence of α-SMA, the main contractile isoform in vSMCs in 

downstream capillary pericytes has recently been disclosed only after prevention of 

F-actin depolymerization, suggesting that α-SMA filaments are actively (de/re)-

polymerized (36, 37). The latter studies also showed that short interfering RNA (α-

SMA-siRNA) suppressed α-SMA expression preferentially in high branch order 

capillary pericytes and prevented their contraction, conforming to the existence of a 

smaller pool of a-SMA involved in contraction of downstream capillary pericytes. 

These findings were confirmed by recent single-cell RNA sequence of the cells of brain 

vasculature (51), which reported a large amount of α-SMA mRNA was located in 

vSMCs, whereas low hits were detected in pericytes (52). 

Actin Polymerization 

Actin is found in polymerized (polymeric/filamentous(F)) or depolymerized 

(monomeric/globular(G)) forms. There is a highly dynamic balance between these 

two forms in live cells and the balance can rapidly shift towards the polymerized form 

to promote contractility upon mechanical or chemical stimulation. F-actin 

polymerization is one of the universal cellular mechanisms providing contractility and 

cell motility; therefore, it may also play a role in pericyte contraction as it does in 

vSMCs (1). Blockage of actin polymerization induces relaxation in vascular tissue 

without affecting myosin light chain phosphorylation (53). 

Actin filaments are asymmetric in terms of polymerization and 

depolymerization; growth being the net effect at the barbed (+) end by binding of 

ATP-bound G-actin monomers and, depolymerization at the pointed (-) end by 

detachment of ADP-bound G-actin monomers (39) (Figure 2.4.). This polarity is 

determined by the orientations of the four domains of actin (42) and the ends take 

their names from the orientation of myosin filaments on actin (39). While actin 

monomers are stabilized by bound nucleotides, nucleotides bound to monomers are 

stabilized by Mg2+ in the environment. ATP hydrolysis-induced conformational 
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changes affect the binding properties of F-actin with other monomers and actin 

binding proteins (38). 

Steady-state polymerization-depolymerization activity is called as 

treadmilling and its rate is slower than 1 subunit per second (39, 54). However, in 

activity dependent cases, durability of filaments ranges from seconds to days, 

depending on the activity, for example, having a faster turnover in lamellipodia and 

more stable state in myofibrils. Polymerization rate is also affected by local monomer 

concentrations. The concentrations are heterogenous in polarized cells, and local 

translation events contribute to this heterogeneity (55). 

 

Figure 2.4. Actin treadmilling activity. ATP binding induced conformational changes 
in actin monomers promotes polymerization of actin filaments at the 
barbed (+) end, whereas hydrolysis of ATP promotes net 
depolymerization at the pointed (-) end. Conformational changes also 
affect interaction of actin with actin binding proteins, such as cofilin 
promoting monomer dissociation and profilin promoting monomer 
association (38).  

Organization of Actin in vSMCs 

As vSMCs are taken as the proxy cells to understand the contractile 

machinery, it is crucial to understand their organization. Actin filaments are attached 

to focal adhesion points (dense plaques) containing α-actinin, mediating 

communication between intra and extracellular environments via integrins to 
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provide stiffness to the cell membrane. This mechanosensing is important both to 

transmit the intracellular forces to outside and to sense external mechanical pressure 

(56). The strong connections to extracellular matrix generate the contractile force 

necessary to narrow the vessel lumen (constrict) (1). Phosphorylation of focal 

adhesion associated proteins (e.g. vinculin, paxillin, talin) upon stimulation starts a 

reaction that results in actin polymerization (56). The intracellular attachment points 

are called as dense bodies and contain α-actinin. 

Four of the actin isoforms, α-smooth muscle actin (α-SMA) (60%), γ-smooth 

muscle actin and γ-cytoplasmic actin (20%) as well as β-cytoplasmic actin (20%) are 

expressed in vSMCs (1). Contractile and cytoskeletal actin filaments are organized 

differentially in vSMCs (56). α-SMA and γ-smooth muscle actin, the latter of which is 

more abundant in gastrointestinal smooth muscle cells, are located on contractile 

structures of vSMCs called stress fibers (1). Stress fibers are less organized structures 

compared to sarcomeres of skeletal muscles (57) and are also observed in pericytes 

(58). β-actin isoform is organized around dense bodies, whereas γ-cytoplasmic actin 

is mainly localized to the cortical region of the cell. (56) (Figure 2.5.). β and γ 

cytoplasmic actins are considered as the cytoskeletal actin isoforms and constitute 

the more dynamic population of actin to be polymerized upon stimulation with 

vasoconstrictive mediators (16). A similar organization of actin isoforms was also 

observed in cultured bovine retinal microvascular pericytes (59), except that 

pericytes do not express γ-smooth muscle actin isoform (60). 

 

 

 



12 
 

 

Figure 2.5. Organization of actin filaments in vSMCs. γ-cytoplasmic actin is 
concentrated in cortical/submembranous regions, whereas β-
cytoplasmic actin is concentrated mainly around dense bodies. α-SMA 
stretches between focal adhesion points and dense bodies, colocalizing 
with myosin filaments, giving rise to contractile components of the cell 
(1). 

Intracellular F-actin stress fibers are known to transmit F-actin-mediated 

forces to the extracellular environment for an integrated cellular contraction (1, 8). 

However, the involvement of these F-actin based mechanisms in downstream 

capillary contraction requires further in vivo evidence because α-SMA is expressed in 

low quantities in pericytes unlike vSMCs. 

Pharmacological Tools for Studying Actin 

Natural toxins are commonly used to investigate actin polymerization. 

Latrunculins are derived from a sea sponge (61). They bind G-actin monomers in a 

1:1 ratio and prevent polymerization, shifting the actin state towards 

depolymerization (62). Cytochalasins are derived from fungi and their action is 

complementary to that of latrunculins. They bind to barbed (+) end of actin filaments, 

preventing polymerization and inducing a net depolymerization (63, 64). 
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Phalloidin is an F-actin stabilizer obtained from the mushroom Amanita 

phalloides, preventing depolymerization (65, 66). It is mostly used for isoform-

nonspecific actin labeling by its fluorescently conjugated form. Sea sponge-derived 

jasplakinolide, which induces and stabilizes polymerization of actin, is mostly used in 

live studies rather than for labeling (67). Phalloidin binds actin in a 1:1 ratio and 

interacts with two neighboring monomers in a filament, shifting the equilibrium 

towards polymerization. Its affinity is unaffected by the length of actin filaments or 

interaction state with tropomyosin and myosin because its molecular size is very 

small (0.6 nm) (65, 66, 68). 

While phalloidin binds filamentous actin, Deoxyribonuclease I (DNase I) 

enzyme has a natural affinity for monomeric actin (69). It binds to G-actin with 1:1 

ratio and its enzymatic activity is inhibited upon binding. Its fluorescently conjugated 

forms are used in combination with phalloidin to visualize monomeric and polymeric 

states of actin.  

2.2.2. Myosin II 

Myosin is the principal cellular motor protein. It has been phylogenetically 

classified into 35 subclasses (70), two of which being functionally the most well-

characterized: Myosin I, functioning in vesicular transport and myosin II, functioning 

in cellular contraction, cell motility, division, migration and neuronal plasticity (71-

73). Besides having two heavy chains, myosin II bears one regulatory light chain 

(MLC20/RLC) and one essential light chain (MLC17/ELC) near the neck region of each 

heavy chain, which acts as a force-transmitting lever (73) (Figure 2.6.). Head region 

of the heavy chain, which is highly conserved across species (74), harbors the actin-

binding site and ATP catalytic activity required for actomyosin mediated contraction 

(72). Mg-ATPase activity of myosin head increases upon binding to actin (71). Tail 

regions conform to a coiled-coil conformation lining up in a filamentous structure 

(thick filaments) (72). The number of myosin heavy chain (MHC) isoform genes in 

human genome is 16 (75) (Table 2.1.). Among them, type 11 is considered to be 

smooth muscle specific, whereas 9, 10 and 14 are found in non-muscle cell types, 
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such as fibroblasts. Pericytes also express myosin II (19), but the predominant isoform 

is yet undetermined. 

 

Figure 2.6. Structure of myosin II. Myosin II is a hexamer, composed of two heavy and 
4 light chains, 2 being essential (ELC) and 2 being regulatory (RLC). Myosin 
heavy chains (MHCs) have three functional divisions: head, neck and tail. 
Head region carries actin interaction sites and Mg-ATPase activity. Neck 
region is apposed to light chains and acts as a force-transmitting lever. 
Tail regions of two MHCs exist in a coiled-coil conformation. Another 
subdivision nomenclature of MHC is based on enzymatic cleavage sites. 
Cleavage by α-chymotrypsin divides MHC into two, giving rise to heavy 
meromyosin (HMM) and light meromyosin (LMM). HMM is further 
divided by papain into S1 and S2 regions, S1 containing functional head 
and neck domains. Phosphorylation of vertebrate non-muscle and 
smooth muscle RLCs induces a conformational change allowing actin-
myosin interaction (76). 
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Table 2.1. List of mouse genes coding MHC isoforms. 

Myh1 Mus musculus myosin, heavy polypeptide 1, skeletal muscle, adult 

Myh2 Mus musculus myosin, heavy polypeptide 2, skeletal muscle, adult 

Myh3 Mus musculus myosin, heavy polypeptide 3, skeletal muscle, embryonic  

Myh4 Mus musculus myosin, heavy polypeptide 4, skeletal muscle 

Myh6 Mus musculus myosin, heavy polypeptide 6, cardiac muscle, alpha  

Myh7 Mus musculus myosin, heavy polypeptide 7, cardiac muscle, beta  

Myh7b Mus musculus myosin, heavy chain 7B, cardiac muscle, beta  

Myh8 Mus musculus myosin, heavy polypeptide 8, skeletal muscle, perinatal  

Myh9 Mus musculus myosin, heavy polypeptide 9, non-muscle IIa  

Myh10 Mus musculus myosin, heavy polypeptide 10, non-muscle IIb  

Myh11 Mus musculus myosin, heavy polypeptide 11, smooth muscle  

Myh13 Mus musculus myosin, heavy polypeptide 13, skeletal muscle  

Myh14 Mus musculus myosin, heavy polypeptide 14, non-muscle IIc  

Myh15 Mus musculus myosin, heavy chain 15  

Human MYH16 gene has no counterpart in mouse genome (52). 

As pericytes show heterogeneity in α-SMA expression along the 

microvasculature, whether or not MHC isoform exhibits a parallel heterogeneity is 

also unknown. In an early study, pericytes on peripheral capillaries were found to 

express non-muscle MHC isoforms but not the smooth muscle isoform (20). In a later 

study (77), midcapillary pericytes in the brain and retina were reported to express 

scarce amounts of non-muscle MHC and no smooth muscle isoform.  In contrast to 

these early studies limited by available antibodies at that time, recent single-cell 

transcriptomic studies have disclosed that pericytes express non-muscle MHC 

isoforms (Myh9, Myh10, Myh14), smooth muscle MHC isoform (Myh11) and to a 

lesser extent, cardiac muscle MHC isoforms (Myh6, Myh7) (52).  
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Actomyosin Cross-Bridge Cycling 

Actin-myosin cross-bridge cycling is accepted as the main contractile 

mechanism for muscle cells (Figure 2.7.). Upon actin-myosin interaction, power 

stroke moves myosin along actin filament (73). ATP binding to myosin head is 

essential for detachment of myosin head from actin filament. When bound ATP is 

hydrolyzed, the cycle restarts and myosin head can bind actin once again.  

 

Figure 2.7. Actin-myosin cross-bridge cycling (78). 

Phosphorylation of RLC by myosin light chain kinase (MLCK), which is activated 

by cytosolic calcium elevation, is a major regulatory mechanism for vertebrate 

smooth muscle or non-muscle, but not for sarcomeric (skeletal and cardiac muscle) 

myosin II’s (72, 79). Phosphorylation induces a conformational change in thick 

filaments, enabling binding to actin (see Figure 2.6.). RLC phosphorylation is also 

enhanced by inhibition of myosin light chain phosphatase (MLCP), which 

dephosphorylates RLC by phosphorylation through small G protein RhoA/Rho kinase 
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pathway, further sensitizing myosin to calcium (80) (Figure 2.8.). It may directly 

phosphorylate and activate MLCK too (81). Rho kinase also regulates actin 

polymerization via activation of LIM kinase, which phosphorylates cofilin, preventing 

depolymerization (82). Rho activation is also known to promote pericyte contractility 

in cultures (83). Phosphorylation of MHC, on the other hand, is a poorly understood 

phenomenon (72). Phosphorylation of non-muscle MHCs is associated with filament 

disassembly in vitro (76). 

 

Figure 2.8. Regulation of myosin activity. In vertebrate smooth muscle cells, 
contraction is regulated through RLC phosphorylation. Phosphorylation 
by Ca2+/Calmodulin activated MLCK enhances actin binding of myosin 
head to actin. Another mechanism works through RhoA/Rho kinase 
pathway, which phosphorylates MLCP, thereby preventing 
dephosphorylation of RLC and promoting contractile state of myosin. 
Ca2+: Calcium, CaM: Calmodulin, MLCK: Myosin Light Chain Kinase, MLC-
20: Regulatory Light Chain (RLC), MLCP: Myosin Light Chain Phosphatase, 
ET-1: Endothelin-1, 5-HT: 5-hydroxytryptamine, GTP: Guanosine 
Triphosphate, GDP: Guanosine Diphosphate, GAP: GTPase-activating 
Protein, GEF: Guanine nucleotide Exchange Factor (84). 
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Striated muscle myosin II’s are inherently not regulated by phosphorylation 

but through intracellular calcium levels via troponin-tropomyosin system (72). 

Tropomyosin has 7 actin binding sites and is coiled around actin filaments, regulating 

the interaction of myosin with actin. In skeletal muscle, troponin T, I and C proteins 

take part in thin filaments along with actin and tropomyosin, C component acting as 

a Ca2+ sensor. Upon Ca2+ binding, tropomyosin slides and reveals actomyosin 

interaction sites. In smooth muscle cells, however, caldesmon protein acts as the Ca2+ 

sensor instead of troponin. At low cellular Ca2+ concentrations, caldesmon binds to 

actin-tropomyosin complex and prevents myosin binding. When Ca2+ levels rise, 

binding affinity of caldesmon to Ca-Calmodulin complex overweighs and detaches 

caldesmon from actin-tropomyosin complex allowing myosin binding (85). The 

presence of an immunologically SMC-related tropomyosin form in both capillary and 

venular pericytes has been shown suggesting an analogous mechanism to SMC 

contraction, although its expression seems lower than those of in vSMCs (20). 

Organization of Myosin II in vSMCs 

In contrast to regular sarcomeric organization of myosin filaments in striated 

muscles, the organization of myosin II in vSMCs takes place in structures called stress 

fibers, as mentioned above (85). One myosin filament is surrounded by about 15 actin 

filaments in SMCs, in contrast to 6-8 actin filaments in striated muscle. In addition to 

the smooth muscle isoform, vSMCs also express non-muscle myosin, whose function 

is still uncertain (1).  

It is possible that pericytes contract using the same mechanisms as vSMCs. 

Supporting this idea, actin and myosin isoforms have been detected in stress fibers 

of pericytes (58). Additionally, inhibitors of actomyosin complex have been shown to 

inhibit pericyte contraction in vitro (8). However, cultured pericytes may act 

differently and may not exactly represent in vivo conditions. For example, stress fiber 

formation is promoted as contact surface and focal adhesions increase under culture 

conditions (86). Therefore, further studies are required to disclose the presence of a 

functional actomyosin coupling mechanism in pericytes in vivo as well as in 



19 
 

morphologically different pericyte subtypes located on up- or downstream 

microvasculature. 

Pharmacological Blockers of Myosin II 

There are several pharmacological agents to understand myosin’s function. 

Among them blebbistatin is the only universal myosin inhibitor, since it inhibits all 

mammalian myosin II isoforms (73), although with different affinities (87). 

Blebbistatin has the highest affinity for skeletal muscle myosin II, lowest for smooth 

muscle myosin II and intermediate affinities for cardiac and non-muscle myosins (73). 

It binds to the head region between actin and ATP binding sites, and keeps myosin II 

in an actin detached state, by stabilizing ADP+Pi intermediate products (88) (Figure 

2.9.). (-) Enantiomer is the active form and has the inhibitory effect (89). Other 

inhibitors of myosin II acting through ATPase cycle are isoform specific, such as N-

benzyl-p-toluene sulphonamide and 2,3-Butanedione monoxime, which are specific 

for skeletal muscle myosin II (90). Another inhibitory mechanism for myosin II acts 

through MLCK inhibition by agents such as ML-7, ML-9 and MLCK inhibitor 18 (91).  

 

Figure 2.9. Blebbistatin’s mechanism of action. Myosin II inhibitor blebbistatin, binds 
to the MHC’s head domain between actin and ATP binding sites (right), 
and keeps myosin in an actin-detached state (left) by binding to ADP-
bound open-state myosin, interfering with actin-myosin cross-bridge 
cycling (73). 
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2.3. Retinal Vasculature 

Retina represents an ideal tissue to study pericytes, because of its common 

origin with cerebral tissue and highest pericyte:endothelial cell ratio in mammalian 

body (23, 92).  Moreover, trilaminar organization of retinal vascular branches enables 

visualization of the entire vascular tree on a single plane, from arteriolar to venular 

end (93). This feature contrasts to cerebral tissue, whose vessels run along irregular 

paths, radiating at varying angles, making it hard to trace the microvasculature by 

branching order. 

Retina is considered as a part of mammalian CNS, because they have the same 

embryological origin (13). It is composed of 10 layers: inner limiting membrane, nerve 

fiber layer, ganglion cell layer, inner plexiform layer, inner nuclear layer, outer 

plexiform layer, outer nuclear layer, outer limiting membrane, photoreceptor layer, 

retinal pigment epithelium. The vascular supply of retina is provided by two sources: 

choroidal vessels supplying the outer 1/3 and branches of central retinal artery 

supplying the inner 2/3 of retina. Branches of the central retinal artery comprise a 

trilaminar vascular network comprised of superficial, intermediate and deep layers 

(94) (Figure 2.10.). Retinal vasculature lacks autonomic input possibly to protect 

visual activity from changing systemic sympathetic tonus (95). 

Just like the cerebral tissue, retina requires high energy supply, and the blood 

flow through the retinal vessels is regulated by NVC, especially in the intermediate 

layer, which is largely composed of capillaries, suggesting a significant role for 

capillary pericytes in flow regulation (96, 97). 
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Figure 2.10. Retinal trilaminar vascular network. The network is formed by branches 
of the central retinal artery, is composed of superficial (S), intermediate 
(I) and deep (D) layers. Superficial layer is embedded within ganglion cell 
layer (GCL). Intermediate layer is positioned between inner plexiform 
layer (IPL) and inner nuclear layer (INL), while deep layer is positioned 
between INL and outer plexiform layer (OPL). ONL: Outer nuclear layer, 
PR: Photoreceptors (94).
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3. MATERIALS AND METHODS 

 

3.1. Animals 

60 male and female Swiss albino mice weighing 25-35 g were kept in plexiglass 

cages and exposed to 12 hours of light-dark cycles. Food and water were provided ad 

libitum. Contralateral eye of each animal was used for vehicle injection. Experimental 

procedures on mice were approved by Hacettepe University Animal 

Experimentations Local Ethics Board (Registration number: 2018/20). 

3.2. Intravitreal Delivery of Substances 

1-1.5 g/kg urethane was injected intraperitoneally via a xylazine coated 

syringe and the depth of anesthesia was checked by toe pinch reflex. The mouse was 

placed under a stereomicroscope (Nikon, SMZ 745T) and the head was stabilized with 

a nosepiece, which allows movement around the longitudinal axis of the head. This 

provides alignment of the eyes under the microscope for effective intravitreal 

delivery of substances by injection. Oxygen saturation, pulse rate and rectal 

temperature were monitored and maintained within physiological limits during the 

procedure. 

In contrast to urethane anesthesia, ketamine-xylazine provides temporary 

anesthesia for 30-45 minutes, which is long enough for the procedure, and viability 

of the animal is maintained. Therefore, it was the preferred anesthesia method in 

procedures involving repeated injections in consecutive days (siRNA injection). A 

mixture of 100 µL xylazine (Xylazinbio 2%, 8.7 mg/kg), 200 µL ketamine (Ketasol, 100 

mg/mL, 87 mg/kg) and 2 mL 0.9% saline was injected intraperitoneally with 10 µL per 

g of the animal dosage. 

We chose intravitreal delivery as the drug administration route in order to 

avoid systemic effects of NA. The intravitreal injections of NA and its vehicle (5% 

dextrose) were achieved via 33 G Hamilton Neuros Syringe (1701 RN, Hamilton). A 
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1.5 mm portion of the needle was left outside of the protective sleeve and inserted 

through ora serrata, avoiding damage to lens and retina (98). After vehicle injection, 

the syringe was cleaned thoroughly with repeated washes in distilled water before 

use for NA injection. 

The induction of pericyte contraction was achieved by intravitreal delivery of 

1 µL of 100 µM Noradrenaline (Cardenor, Norepinephrine tartrate, Defarma). As the 

volume of intraocular fluids in mice is about 4 µL (99), a dilution factor of 5 was 

calculated for substances delivered intravitreally (yielding approximately a 20 µM 

intravitreal concentration). The same volume of vehicle was injected into the 

contralateral eye. Previously 5% dextrose was the recommended diluent due to 

higher stability of NA. More recent studies reported similar stabilities in both 5% 

dextrose and saline, and recommended saline to prevent hyperglycemia in 

hypotensive patients (100, 101). However, because in our study the total applied 

volume of NA solution is too low, 5% dextrose was preferred to be on the safe side in 

terms of stability, as only minute concentrations of NA were used. Diluted solutions 

were stored at +4°C, for maximum 2 months, and protected from light (101).  

30 seconds after the injection, eyes were removed with the aid of a surgical 

blade, since the routine forceps-assisted enucleation technique leads to an increase 

in the intraocular pressure and hence retinal detachment along with escape of 

vitreous body through the puncture site. Removal and immersion into fixative were 

immediately (within two minutes) carried out due to short half-life of NA (102). Mice 

were euthanized by cervical dislocation after eyeball extraction. 

± Blebbistatin (Abcam), is a cell permeable and reversible inhibitor of myosin 

II ATPase cycle activity (88, 103). Blebbistatin in powder form is reconstituted in 

DMSO as it is a hydrophobic molecule, and stored at -20°C. To prevent cytotoxic 

effects of DMSO, its final concentration should not exceed 1% (73). The concentration 

of DMSO in delivered mixture was 2.5%, diluted to 0.5% with vitreous volume dilution 

factor.  When diluted in physiological saline, the mixture must be mixed well and 

equilibrated to room temperature in order to prevent precipitate formation. Mixture 
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in saline must be freshly prepared each time 1 hour before use. 1 µL of 250 µM 

(yielding approximately 50 µM final concentration) inhibitor was delivered 

intravitreally 40 minutes prior to the application of NA in relevant groups. This 

concentration is above the solubility limit of blebbistatin, but slow precipitation 

kinetics of the molecule allows the use of blebbistatin in effective concentrations 

once the mixture is prepared in prewarmed conditions before the formation of 

precipitates (73). Phototoxicity and fluorescence problems related to the toxin do not 

arise as the retinas are illuminated after fixation. Contralateral eyes were injected 

with the same volume of saline prior to NA injection as vehicle. Any chemical 

interaction between NA and blebbistatin as well as their vehicles is not expected due 

to a 40-minute interval between injections. 

To knock-down the transcripts of α-SMA encoded by Acta2 gene, small 

interference RNA (siRNA) was injected intravitreally into the target eye. The injection 

solution was prepared in RNase free conditions, by cleaning the working chamber 

and instruments with 70% ethanol, 10% bleach and then RNAse solution. JetPEI 

transfection agent (Polyplus) was used to deliver siRNAs to the intracellular 

compartments. In line with the recommendations of the kit, 3 µL JetPEI was mixed 

with 12.5 µL 10% glucose and 9.5 µL nuclease free water and vortexed. 3.76 µL Acta2-

siRNA was mixed with 12.5 µL 10% glucose and 8.74 µL nuclease free water and 

vortexed. JetPEI containing solution was added on top of the siRNA containing one, 

and incubated at room temperature for 15 minutes after being vortexed. 1-2 µL of 

the mixture was injected intravitreally to the target eye, and the effect was evaluated 

48 hours later.  

3.3. Whole Mount Retina Preparation 

Fixation was provided by the immersion of eyes into 100% ice-cold methanol. 

The eyes were kept in methanol at -20°C for one hour (36). Fixation process was 

ended by transfer into phosphate-buffered saline (PBS, Sigma). Fixed eyeballs were 

kept in PBS at +4°C until retina extraction. In some cases, eyeballs were fixed in 4% 

paraformaldehyde (PFA) at +4°C for one hour, for comparison of fixation methods. 
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Fixed eyeballs were transferred to a petri dish containing PBS at room 

temperature. All the following procedures were carried out under a 

stereomicroscope. Skin and its appendages, lacrimal gland and extraocular muscles 

surrounding the eyeballs were removed by a fine scissor. A minimal piece of 

surrounding tissue was purposefully left over to provide a handling spot for external 

manipulations with forceps. 

A hole was created at the corneal margin with a 26 G needle. One of the tips 

of a Vannas Spring Scissor (FST) was inserted through this hole to make a circular cut 

along ora serrata, enabling the removal of cornea, followed by the removal of lens 

and vitreous body together with help of a fine forceps. Four radial cuts were made 

with a fine spring scissor to flatten out the retina. Following the flattening, retina can 

be detached from the underlying sclerochoroidal tissue with the aid of a fine forceps 

and very gentle handling. Separated retina was transferred to a round-bottom 

centrifuge tube containing 200 µL PBS. They can be used immediately or stored at 

+4°C for 3-5 days. 

3.4. Fluorescent Labeling 

The use of methanol as a fixative necessitates only very gentle 

permeabilization, as methanol itself also permeabilizes lipid structures. Therefore, 

whole mount retinas were washed and permeabilized with 0.1% PBS-Triton-X 100 

(Merck), 3 times, 5 minute each. Differential staining of filamentous (F-actin) and 

globular (G-actin) forms of actin was achieved by two natural compounds conjugated 

with different fluorophores, Phalloidin-Alexa Fluor 568 conjugate (Biotium, 00044) 

and Deoxyribonuclease I-Alexa Fluor 488 conjugate (Thermofisher, D12371) 

respectively. Phalloidin is a natural toxin purified from the mushroom Amanita 

phalloides, which stabilizes F-actin regardless of the isoform (104). 

Deoxyribonuclease I (DNase I) has a natural affinity for G-actin in an isoform-

nonspecific manner and can be used for fluorescent labeling when conjugated to a 

fluorophore (55, 105).  Both compounds were diluted in PBS at 1:200 ratio and 

applied to tissue for 40 minutes, at room temperature. After washing with PBS 3 
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times, 5 minute each, retinas were mounted on glass slides with a 50/50 % 

PBS/Glycerol mounting medium containing the nuclear marker Hoechst 33258 

(Invitrogen, 1:1000 dilution).  

Fluorophore conjugated lectins can be used in the demonstration of 

basement membranes thanks to their natural affinity to carbohydrate moieties. After 

washing and permeabilizing retinas in the same way, Fluorescein lectin (Vector Labs, 

FL-1171-1) was diluted in PBS, with a 1:200 concentration and applied to tissue for 8 

hours or overnight at +4°C. After washing with PBS, 3 times for 5 minutes, retinas 

were mounted on glass slides with mounting medium containing Hoechst 33258. 

Spacers made out of intentionally broken coverslips were used in order to prevent 

squeezing of the vascular lumina in retinal preparates (106). 

3.5. Immunofluorescent Labeling  

Whole mount retinas were washed and permeabilized with 0.1% PBS-Triton-

X 100 (Merck), 3 times, 5 minute each. Background blocking was achieved by 10% 

Normal Goat Serum in PBS.  

Primary antibody against Myh11 (Abcam, ab82541) was diluted in blocking 

solution with 1:400 concentration and incubated at room temperature for 4 hours. 

After washing with 0.1% PBS-Triton X, 3 times, 5 minutes each, Cy2 or Alexa Fluor-

555 conjugated goat-anti rabbit secondary antibody (Jackson Immunoresearch) 

diluted in blocking solution with 1:200 concentration was applied for 1 hour at room 

temperature. Retinas were washed with 0.1% PBS-Triton X for 3 times, 5 minutes 

each.  

For double labeling with α-SMA, two different primary antibodies were used 

depending on the fluorescent channel of Myh11 secondary antibody. When Cy2, was 

used as the fluorophore for Myh11, α-SMA primary antibody conjugated to Cy3 

(Sigma, C6198) was used. It was diluted in blocking solution with 1:300 concentration 

and incubated overnight at +4°C. When Cy3 was used as the fluorophore for Myh11, 

an unconjugated primary antibody against α-SMA (Sigma, A5228) was used. As this is 
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an antibody produced in mouse, Fab fragments were used instead of secondary 

antibody to prevent nonspecific background staining. In this case, 1 µL of α-SMA 

unconjugated primary antibody was incubated with 1.25 µL of Alexa Fluor 488 

conjugated goat-anti mouse Fab fragment (Jackson Immunoresearch) in 10 µL PBS 

for 1 hour at room temperature. After the addition of 288 µL 10% Normal Mouse 

Serum in PBS to achieve 1:300 antibody concentration, the mixture was incubated at 

room temperature for one more hour. After the removal of the secondary antibody 

used for Myh11 labeling, the mixture was put over whole mount retinas and 

incubated overnight at +4°C. Tissues were washed 3 times, 5 minutes each, with PBS 

after the overnight incubation of either α-SMA antibodies, and mounted with 

mounting medium containing Hoechst 33258. 

Complete or partial lack of α-SMA labeling was recently associated with 

depolymerization of actin filaments, and this problem was partly overcome by rapid 

methanol fixation (36,37). Despite this improvement, the labeling of α-SMA tapers 

towards downstream retinal vascular branches. Considering the paucity of α-SMA 

protein levels in downstream segments, we questioned whether this amount can be 

visualized with higher antibody concentration, and whether contractile stimulus 

changes labeling by epitope masking. To this end, we examined retinal pericytes 

labeled with higher α-SMA antibody concentration (1:100) and also compared vehicle 

vs 50 µM NA treatment. In all cases, labeling efficiency was unchanged and 

visualization was successful with comparable laser intensity use (%0.1-5, increasing 

towards downstream branches).  NA treatment did not induce any change in labeling 

efficiency either, and labeling was traceable down to 7-8th orders in all cases (Figure 

3.1.). 
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Figure 3.1. α-SMA labeling is unaffected by antibody concentration and 
vasoconstrictor application. Pericytes labeled with antibody against α-
SMA from fifth order branches are shown. Neither the antibody 
concentration (1:300 vs. 1:100) nor the vasoconstrictive stimulus state 
(vehicle vs. NA) affected labeling intensity and traceability of labeling. All 
images were acquired with the same imaging parameters, except for the 
first image, in which laser intensity was 0.5% instead 1%. Scalebar: 5 µm. 
Z-stack maximum projection images of 3.5-7.5 µm thick vascular sections. 

β-actin labeling was performed by overnight incubation with a monoclonal 

antibody (Sigma, A5441; 1:100 dilution) and Alexa Fluor 488-conjugated Fab 

fragment (Jackson Immunoresearch) primary-secondary complex, prepared as 

described for α-SMA above, at +4°C after blocking with 10% normal goat serum. 
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Nanosecondary antibodies (nanobodies) are produced from camelid heavy 

chain antibodies (107). Being only of 15 kDa size, these secondary antibodies provide 

better tissue penetration and resolution. Alexa Fluor-488 conjugated anti-rabbit IgG 

nanosecondary (Chromotek, srb488) (1:500 dilution in blocking solution, 1:350 for 

FRET) was used to label the primary antibody against Myh11, in combination with 

Cy3 conjugated antibody against α-SMA, to achieve higher resolution and closer 

interaction distance in FRET experiments. In FRET experiments, the labeling order 

was reversed so that, acceptor fluorophore carrying antibody was applied before 

donor fluorophore carrying antibody (108). The rest of the double labeling protocol 

otherwise remained the same. 

3.6. Imaging and Analysis 

Analyses for blebbistatin experiments were performed on Fluorescein-lectin 

labeled whole-mount retinas. Primary branches of the central retinal artery were 

defined as the first order retinal microvessels (see Figure 3.2. for a sample scheme of 

retinal vascular branch orders), and vascular orders equal to or higher than 2 at the 

superficial retinal vascular layer were evaluated. Analyzed vessels were branches of 

a randomly selected first order retinal vessel, whose entire network can be imaged 

uninterruptedly. The images were acquired by combined tile-scan and Z-stack (10 

layers each) modes of Leica TCS SP8 confocal laser scanning microscope (25X/0.95 

water objective). Because pericyte soma position with reference to the vessel wall 

significantly changes with imaging plane, we measured the pericyte-associated 

diameters at the juxtanuclear sections perpendicular to vessel axis (see 4.18.A). 

Rarely, when the difference between values measured from two sides of a pericyte 

nucleus was relatively high, mean of the two values was used (7). These values were 

divided by the initial diameter of each vascular segment for an intrinsic baseline 

correction and this value was taken as the “juxtanuclear diameter ratio”. For a 

homogenous dataset formation, a single pericyte with a clearly visualized soma was 

attributed per vascular branch. Pericytes on the microvascular wall were identified 
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based on their “bump-on-a-log” morphology and surrounding lectin-labeled 

basement membrane. 

 

Figure 3.2. Principle of retinal vascular branch order determination. ONH: Optic 
Nerve Head, which denotes the region where central retinal artery 
branches off. 

For F/G-actin signal intensity measurement, all images were acquired with 

Leica TCS SP8 confocal laser scanning microscope (63X/1.40 oil objective) with the 

comparable imaging parameters and in Z-stack mode to cover the whole vascular 

thickness. Stacks were composed of images acquired with 0.7 µm-wide steps along Z 

axis. Signal intensities were measured on maximum projection images (8-bit) 

encompassing the entire vessel along the z axis with ImageJ (NIH) software. Digitized 

microscopic images were selected by simple randomization for evaluation and the 

investigator was always blind to the treatment. The pericyte covered microvascular 

segments were marked as a Region of Interest (ROI) with a 20 µm axial length along 

the pericyte, soma being at the central position and the vascular width lying 

perpendicularly to the axis (see Figure 4.17.A). Signals were normalized by 

subtracting the background signals for each channel obtained from the maximum 

projection image. The ratio of normalized F-actin signal to normalized G-actin signal 

(F/G-actin) was used as an index of actin polymerization (16). The formula used for 

this calculation is given below (Formula 3.1.), ROI indicating the value measured in 
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ROI and background indicating the value measured from background for each actin 

state: 

 𝐹/𝐺 𝑎𝑐𝑡𝑖𝑛 𝑠𝑖𝑔𝑛𝑎𝑙 𝑟𝑎𝑡𝑖𝑜 =
𝐹𝑅𝑂𝐼−𝐹𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐺𝑅𝑂𝐼−𝐺𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
         (3.1.) 

Most of F-actin is produced by polymerization of the existing G-actin pool, and 

only a minute fraction is synthesized de novo (55). Because the eyes were 

immediately fixed after the stimulation of contraction, any contribution from de novo 

synthesis was considered as negligible. Therefore, evaluation was based on the 

assumption that the resulting changes were a result of an exchange between F and 

G- actin populations. Pericytes on the microvascular wall were identified based on 

their “bump-on-a-log” morphology and processes highlighted by F-actin labeling with 

phalloidin (109).  

Pericyte-associated vascular diameter changes were measured from the same 

individual pericytes as F/G-actin signal ratios were calculated. Diameter 

measurements were done with the same principle as mentioned above. 

3D modeling was made consecutively on ImageJ, Slicer and Paraview 

softwares, using Z-stack compilation of images acquired with 0.2 µm-wide steps. 

For images which do not require quantitative analysis, imaging parameters 

varied and Z-stack thicknesses are indicated in figure legends for each case. 

3.7. Statistical Analysis 

In the analysis of blebbistatin dataset, extreme outliers of JNDR, which lie 

more than 3.0 times the interquartile range (IQR) below the first quartile or above 

the third quartile, were defined per vascular order group and removed from the initial 

dataset. Dataset was split up by vascular order and, the parametric assumption 

criteria were evaluated based on coefficient of variation, skewness, normality tests, 

histogram and detrended plots. Mann-Whitney U or Independent samples t-tests 

were used depending on parametric assumption testing. Accordingly, mean and SD 
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or median and IQR were used as central tendency and dispersion measures; and error 

bar and box plot graphs were used in demonstration of these measures for 

parametric and nonparametric cases, respectively.  

In F/G actin signal ratio analysis, extreme outliers of F/G signal ratio values, 

which lie more than 3.0 times the interquartile range below the first quartile or above 

the third quartile, were defined per vascular order group and removed from the initial 

dataset. Dataset was split up by vascular order and, the parametric assumption 

criteria were evaluated based on coefficient of variation, skewness, normality tests, 

histogram and detrended plots. Mann-Whitney U and Kruskal-Wallis tests were used 

for hypothesis testing as none of the vascular order groups had normal distribution 

and met parametric assumptions.  

ROC analysis was used to determine the cutoff value of F/G-actin signal ratio 

differentiating contracted cells from non-contracted ones in related vascular order 

groups, which exhibited significant signal differences. False positivity rate was 

accepted as 15% for cutoff value determination. Groups of pericytes separated by the 

predetermined cutoff value, were compared by JNDRs. Mann-Whitney U test was 

used for hypothesis testing due to the skewed distribution of values. 

Hypothesis testings were done one-sided (CI: 95%). All statistical analyses 

were performed with IBM SPSS© 23 software. 

3.8. Förster Resonance Energy Transfer (FRET) 

FRET is a non-radiative type of energy transfer from an excited donor 

fluorophore to a nearby acceptor fluorophore (110).  The emission window of the 

donor must overlap with the excitation window of the acceptor fluorophore. 

Resonance energy transfer occurs when the distance separating two fluorophores is 

1-10 nm (111) (Figure 3.3.). Distances less than 1 nm results in quenching, whereas 

larger distances than 10 nm are not suitable for energy transfer (112). 
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Figure 3.3. Basic principle of FRET. FRET occurs when two fluorophores, of which one 
has an emission spectrum (donor) that overlaps with the other’s 
excitation spectrum (acceptor), are in 1-10 nm distance (113). 

FRET is an all-or-none phenomenon (110). The probability of FRET is 

calculated by the following equation (Formula 3.2.), where R is the distance between 

two fluorophores, and R0 is the distance where the probability of the energy transfer 

is 50% (typically 3-8 nm) (112): 

𝐸 =
𝑅0

  6

𝑅6+𝑅0
  6                                       (3.2.) 

Either fluorescent proteins or fluorophore dyes can be used as FRET pairs. 

There are some widely accepted FRET pairs, such as CFP-YFP, Cy3-Cy5. Suitable FRET 

pairs have higher R0 values. FRET efficiency gives a clue about the proximity of two 

fluorophores; therefore, this technique is mentioned in the literature as the 

“spectroscopic ruler”. As the lateral resolution of light microscopy is around 200 nm, 

FRET aids in the evaluation of interaction and colocalization of proteins having 

distances below resolution limits. 
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FRET was utilized in this study to show the close interaction between actin 

and the head of myosin heavy chain. Alexa Fluor-488 (donor) and Cy3 (acceptor) was 

chosen as the FRET pair (114) and the fluorophores were used to label Myh11 and α-

SMA respectively. 

There are several different techniques to conduct FRET, such as acceptor 

photobleaching (AB), sensitized emission (SE) and fluorescent lifetime imaging 

(FLIM). FRET-AB is the preferred method of FRET for fixed cells or tissues (115). In 

FRET-AB, acceptor fluorophore is photobleached permanently, which is expected to 

increase the fluorescence intensity of the donor (dequenching) within a defined ROI 

(112). However, in this technique any movement in the imaged area must be avoided, 

as this leads to movement artifacts, which may lead to misreading of the intensity 

changes (110). 

Another challenge in applying FRET-AB with antibodies is the large size of the 

fluorophores (112). As the approximate size of an antibody is 10-15 nm, the size of a 

primary-secondary antibody complex becomes 30 nm, which decreases the 

possibility of energy transfer when the labeled antibody complexes fall in opposite 

directions. Besides the distance, dipole orientation of the fluorophores is another 

factor affecting FRET probability. To minimize the distance between fluorophore pair, 

a directly conjugated antibody and a nanosecondary antibody were used in this 

study. 

In our study, application of FRET-AB was also limited by the technical 

properties of the confocal microscope in our facility, which lacks a red-far red 

excitation laser. Alexa Fluor-488-Cy3 was chosen therefore as the FRET pair. 

However, cross-excitation and cross-bleaching of the donor during acceptor 

photobleaching led to erroneous efficiency calculation, as it is calculated by the 

formula below (Formula 3.3.): 

𝐹𝑅𝐸𝑇 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐷𝑝𝑜𝑠𝑡−𝐷𝑝𝑟𝑒

𝐷𝑝𝑜𝑠𝑡
    (3.3.) 
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Therefore, AB was an intensity measurement-dependent technique which 

was hampered by movement artifacts, cross-excitations and spectral bleed-throughs. 

SE, which utilizes donor-only and acceptor-only samples prepared under the same 

conditions with the FRET sample which includes both donor and acceptor, is also 

based on an intensity dependent calculation and hence can be affected by 

heterogeneities in labeling an imaging plane.  

Unlike these techniques, spectral unmixing utilizes intrinsic fluorescent 

spectral properties of the fluorophores, and hence is unaffected by intensity-borne 

errors. Therefore, an excitation-emission (ExEm) spectral unmixing approach was 

used to avoid cross-excitation and cross-emission (spectral bleedthrough) artifacts 

encountered in intensity-based approaches (116) (Figure 3.4.). Donor-only, acceptor-

only and donor-acceptor samples were prepared simultaneously under same 

conditions, without the use of nuclear marker Hoechst 33258. All samples were 

imaged in lambda-scan mode of Leica LasX software, using 488 nm and 552 nm lasers 

separately, with 5 nm wide windows of 3 nm steps within the range of 492-680 nm. 

RT 15/85 beamsplitter for reflectance microscopy was used to avoid spectral losses 

filtered out by dichroic mirrors. Acquired spectral images were processed with Fiji 

and analyzed with FRETTY plugin. 
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Figure 3.4. Principle of spectral unmixing. Black line shows the spectrum acquired 
when the FRET sample was excited by donor-exciting laser. When the line 
is decomposed, it can be seen that the second peak, which is the 
anticipated FRET signal, is actually a combination of donor bleedthrough 
(blue line), acceptor spectrum caused by cross-excitation (purple line), 
and the actual FRET signal (red line). Spectral unmixing approach aims to 
overcome these issues by such decomposing algorithms (116). 
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4. RESULTS 

 

4.1. Pericytes are Contractile 

To study pericyte contractility in the superficial layer of retina, we injected NA 

into the vitreous body. By 3D constructions produced from imaging of contracted 

pericytes with help of α-SMA immunolabeling, we identified two types of contraction 

pattern: one characterized with a steep decrease in luminal diameter from the 

periphery of pericyte toward the soma at the center (node-like) (Figure 4.1.), where 

both walls moved toward each other, being maximal under the soma; and the other, 

characterized with slight displacement (indentation) of the soma into the lumen, 

causing a less steep but diffuse diameter change along the pericyte (tide-like), similar 

to descriptions of pericyte contraction induced by focal electrical stimulation along 

the capillary segments by Ivanova et al. (117). 

 

 

Figure 4.1. 3D modeling of a contracted pericyte from Z-stack image of NA treated 
retina labeled with antibody against α-SMA. The image was processed 
with ImageJ, Slicer and Paraview softwares to build a 3D reconstruction. 
This image shows steep reduction in luminal diameter from periphery 
toward pericyte soma, being maximal under the soma. Magenta: Pericyte 
nucleus, Green: capillary lumen. Thanks to Dr. Evren Erdener for his 
valuable efforts in image preparation. 
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4.2. Organization of α-SMA Fiber Bundles Suggests a Contractile Function 

High resolution imaging of α-SMA labeled retinal pericytes, revealed the 

protein’s organization and orientation within cytoplasm and processes. The 

organization of the fiber bundles were mainly circumferential in upstream pericytes, 

similar to vSMCs, whereas towards downstream branches, the orientation of 

(relatively shorter) bundles became less circumferential, running oblique or parallel 

to the longitudinal capillary axis, complying to nodal and tide-like contraction 

patterns respectively (Figure 4.2.). 

 

Figure 4.2. α-SMA fiber bundles are differentially organized in pericytes from third, 
fourth and sixth retinal vascular orders. The organization of the α-SMA 
labeling within the cytoplasm of pericyte processes suggest a vectoral 
structure, functioning in capillary diameter changes. Note that in the third 
order, bundles regularly run rather circumferential (white), while in the 
fourth order bundle orientation becomes irregular with some bundles 
running oblique (yellow) or parallel (cyan) to the longitudinal capillary 
axis, and the irregularity further increases in the sixth order. Asterisks 
denote the localization of pericyte somas. Scalebar: 5 µm. Z-stack 
maximum projection images of 7.5, 8.7, and 6 µm thick vascular sections, 
respectively. 
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4.3. Contribution of Actomyosin Coupling to Pericyte Contraction 

Actin-myosin cross-bridge cycling is the main cellular mechanism that 

provides vSMC contraction. We explored whether this mechanism is also active in 

pericytes, the downstream mural cells on microvessels thought to replace vSMCs. We 

used immunofluorescent identification of α-SMA and Myh11 as well as 

pharmacological inhibition of myosin ATPase to evaluate actin-myosin interaction in 

retinal pericytes. 

4.3.1. Myh11 Protein Labeling Highly Colocalizes with α-SMA Expression in 

Pericytes 

Considering that most pericytes are contractile and has many features in 

common with upstream vSMCs, it is likely that pericyte contraction is also mediated 

by actomyosin cross-bridge cycling. We first searched the presence of myosin along 

with α-SMA in pericytes by immunohistochemistry. We chose Myh11 isoform of 

myosin based on pericyte single cell transcriptomics data (52) and used antibodies 

against smooth muscle isoform of myosin heavy chain. We found that Myh11 was 

continuously expressed in all pericytes located on from the first to the last branch 

order microvessels. Although it was not possible to track α-SMA in high branch order 

downstream pericytes, this was not the case for Myh11 immunolabeling. Both 

immunoreactivities highly overlapped, suggesting an intimate co-localization of both 

proteins (Figure 4.3.). Myh11 immunostaining was specific but not a staining artifact, 

as shown by omitting the incubation step with primary antibody against Myh11 in 

the immunostaining protocol (Figure 4.4.). 
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Figure 4.3. Myh11 immunolabeling closely follows that of α-SMA in retinal 
microvessels. Retinal pericytes in zoomed insets are on the 4th order 
branches. The intense yellow color indicates the tight overlap between 
the two proteins labeled green (α-SMA) and red (Myh11). Zoomed insets 
are 2x magnified and display merged images of the green and red 
channels along with Hoechst nuclear labeling in blue. Scalebar: 20 µm. 

 

Figure 4.4. Myh11 negative control. Retinal vasculature was labeled with phalloidin 
(red) and nuclei with Hoechst (blue). Primary antibody against Myh11 was 
omitted from the staining to attain a negative control. Green channel 
reveals no signal with the same imaging parameters as the counterpart 
with primary antibody use, showing the specificity of Myh11 labeling. 
Scalebar: 20 µm. 

Super-Resolution Techniques Better Clarify the α-SMA-Myh11 Overlap  

Co-labeling of stress fibers filling the pericyte soma and processes was better 

visualized with superresolution microscopy techniques such as Lightning 

(HyVolution) (Figure 4.5.) and STED (Figure 4.6.) Use of nanosecondary antibodies, 
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which provide superior tissue penetration and higher resolution even with the use of 

standard confocal microscopy also clearly delineated the actomyosin bundles in 

pericyte processes and soma (Figure 4.7.). 

 

Figure 4.5. Demonstration of α-SMA and Myh11 with deconvolution. α-SMA and 
Myh11 proteins are highly colocalized and form circular string-like 
bundles reminiscent of a contractile stress fiber organization. Images 
were acquired with the deconvolution technique “Lightning”. Insets: 2x 
magnified. Retinal vascular branch order is undetermined. We thank Jens 
Peter Gabriel for his valuable expertise in image acquisition. Scalebar: 10 
µm. 

 

Figure 4.6. Demonstration of α-SMA and Myh11 with STED. The distribution of 
Myh11 follows a compatible pattern to the known morphology of 
pericyte soma and extensions in the image acquired with STED 
technology (left). Higher resolution provided by STED shows close 
association of Myh11 labeling with that of α-SMA around a pericyte 
nucleus (arrowhead, right). Scalebar: 5 µm. We thank Ulf Schwarz for his 
valuable expertise in image acquisition. 
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Figure 4.7. Demonstration of α-SMA and Myh11 with nanobodies. Use of 
nanosecondaries to label Myh11 provides better resolution and 
delineation of the fibers by standard confocal microscopy compared to 
the images (c.f. Figure 4.2, 4.3 and 4.12.) obtained with conventional 
secondary antibodies. The tight overlap between α-SMA and Myh11 
proteins is illustrated on a third branch order retinal vessel display the 
organization of fibrillary bundles in pericyte processes suggestive of 
tension generating stress fibers. Scalebar: 10 µm. Z-stack maximum 
projection images of 13 µm thick vascular sections, respectively. 

4.3.2. Myh11 Expression is Independent from Retinal Vascular Order, 

Fixative Type and α-SMA Staining Pattern 

Due to rapid depolymerization of α-SMA, tracing the protein in midcapillary 

segments, where it is expressed in low quantities, is limited with routine 

immunolabeling techniques. In contrast, Myh11 could be uninterruptedly traced 

along the microvasculature (Figure 4.8, 4.9.), including the intermediate and deep 

retinal vascular layers (Figure 4.10.). 
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Figure 4.8. Despite gradual tapering in α-SMA labeling (indicated with dashed lines) 
toward downstream capillaries, Myh11 labeling covers all 
microvasculature in the superficial retinal vascular layer. The image was 
captured by LasX Navigator. We thank Jens Peter Gabriel for his valuable 
expertise in image acquisition. 

 

Figure 4.9. Myh11 labeling continues all along the superficial layer, revealing the 
capillary loops. Dashed line represents where the capillary branches dive 
deeper to form the intermediate vascular layer. Z-stack maximum 
projection image. Scalebar: 20 µm. 
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Figure 4.10. Myh11 labeling uninterruptedly continues in the intermediate and deep 
layers of retinal vasculature. Scalebar: 20 µm. Z-stack maximum 
projection images of 8.88 and 8.45 µm thick vascular sections, 
respectively. 

α-SMA filaments are constantly de- and repolymerized like all other 

filamentous actin isoforms in almost all sorts of cells. It has recently been shown that 

this  limits detection of small amounts of α-SMA in downstream pericytes because α-

SMA is rapidly depolymerized but cannot be repolimerized in the abscense of ATP 

during tissue fixation (39). Accordingly, rapid fixation with methanol is required to 

prevent α-SMA depolymerization during tissue processing; which results in a 

significant increase in the extent of α-SMA labeling in downstream pericytes 

compared to PFA fixed tissues (36). Such a discrepancy was not observed for Myh11 

(Figure 4.11.), as expected from a globular protein that does not require 

polymerization to be functional. 
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Figure 4.11. Myh11 labeling is unaffected by fixation method. Despite gradual 
tapering in α-SMA signal towards downstream branches, Myh11 labeling 
continued all along the whole vascular tree regardless of the fixation 
method. Here, the tissue was fixed with PFA unlike 4,8, 4.9 and 4.10 that 
were fixed with methanol.   Scalebar: 20 µm. 

Actomyosin fibers are organized around the skeleton formed by α-SMA 

filaments; myosin globular heads are attached to these spirals (Figure 2.6.). 

Accordingly, we asked whether Myh11 organization would be altered in pericytes 

where α-SMA expression was knocked down. We found that siRNA targeted against 

Acta2 transcript knocked down α-SMA protein expression especially in downstream 

pericytes in a patchy pattern as previously reported (36). In regions where α-SMA 

expression was partially or totally lost, Myh11 expression uninterruptedly continued 

(Figure 4.12.), suggesting that Myh11 expression and its organization within the 

actomyosin bundles is independent from that of α-SMA.  
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Figure 4.12. Knocking down α-SMA expression did not modify Myh11 organization. 
α-SMA labeling was discontinuous (arrowheads on 4th order branches) 48 
hours after intravitreal injection of siRNA against Acta2 transcript in the 
superficial vascular layer, whereas Myh11 labeling remained unaffected.  
Scalebar: 20 µm. 

4.3.3. Blebbistatin Disrupts Actomyosin Mediated Constriction in Retinal 

Microvascular Segments 

Next, we tested whether actomyosin bundles detected in pericytes mediate 

their contraction by inhibiting actomyosin cross-bridge cycling with blebbistatin. 

Blebbistatin inhibits the activity of myosin ATPase that is indispensable for 

actomyosin coupling. Intravitreal injection of blebbistatin 40 minutes prior to NA 

injection significantly reduced the number of contracted capillaries. With the dose 
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we used, NA significantly reduced capillary luminal diameter assessed by lectin 

labeling in downstream vessels without affecting upstream capillaries, which allowed 

us to evaluate the downstream diameter changes independently of changes in blood 

volume regulated by upstream pericytes or vSMCs.  

Blebbistatin significantly prevented NA-induced contraction when all 

microvascular segments were pooled, compared to vehicle (n=757 vs n=770 vessels, 

4 retinas per group) as assessed by JNDR (means: 0.78 vs. 0.74; SDs: 0.19 vs. 0.17, 

p<0.001). When vascular orders were separately analyzed, JNDR was higher in 

blebbistatin treated group compared to vehicle treated group in downstream 

vascular orders 5 (means: 0.81 vs. 0.75; SDs: 0.19 vs. 0.18, p=0.001, n=197 vs. 217) 

and 7 (means: 0.79 vs. 0.75; SDs: 0.18 vs. 0.15, p=0.03, n=88 vs. 100). Although 

insignificant, a trend of higher JNDR was observed for all orders (Figure 4. 13.). 
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Figure 4.13. Blebbistatin prevents NA-induced vasoconstrictions in downstream 
retinal vascular branches. The effect was prominent in downstream 
orders because the NA dose used mainly constrict downstream pericytes. 
Graph displays juxtanuclear ratio (JNDRs) means with their confidence 
intervals for each vessel order. Vessel diameters were measured from 
retinas treated with vehicle (blue squares) or blebbistatin (green circles) 
prior to NA.  

4.3.4. Analysis of α-SMA and Myh11 Interaction in Pericytes with FRET 

By spectral unmixing approach, FRET between Cy3 labeled anti-α-SMA and 

Alexa Fluor-488-nanosecondary labeled anti-Myh11 antibodies was evaluated in 

retinal pericytes (Figure 4.14.).  
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ROI              Orders 2 3 4 

1 0.33 0.44 0.34 

2 0.29 0.41 0.27 

3 0.33 0.42 0.34 

 

Figure 4.14. FRET efficiency between antibodies against α-SMA and Myh11 in retinal 
pericytes. FRET colormap image of pericytes from 2-4th order vessels of a 
retinal sample produced with a spectral unmixing approach, showing 
close interaction of α-SMA and Myh11 in pericyte processes. Three ROI’s 
are selected from an upstream process, a position near nucleus, and a 
downstream process, respectively. Efficiency values and colormap are 
corrected by background value subtraction. Warmer colors indicate 
higher efficiency values on the colormap. 

4.4. Role of Actin Polymerization in Pericyte Contraction 

By strengthening the cytoskeletal organization and hence forming a more 

rigid cellular scaffold, actin polymerization is known to contribute to vSMC 

contraction. It augments the force generated by actin-myosin cross bridge cycling and 

mediate transfer of this force to the extracellular matrix (10, 118). We explored this 

auxiliary mechanism in pericytes, by use of selective markers against monomeric and 

polymerized states of actin. 

4.4.1. Actin Isoforms in Pericytes 

Pericytes express constitutional actin isoforms along with α-SMA. Phalloidin 

is a marker for the filamentous state of actin, not differentiating between isoforms. 
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F-actin labeling of mouse retinas with phalloidin was continuous along the entire 

retinal vascular tree. F-actin in nonvascular cells was also labeled. Phalloidin labels 

not only α-SMA in pericytes but also the other two constitutive actin isoforms (β- and 

γ-actin), however, α-SMA labeling could be inferred by fibers running circumferential 

(or twisting at varying angles) to the vessel longitudinal axis in wrapping-type 

pericytes or filling in the thin processes of downstream mid-capillary pericytes (Figure 

4.15.A). This pattern highly overlapped with α-SMA immunostaining, whereas the 

non-α-SMA F-actin labeling with phalloidin generally ran parallel to the longitudinal 

axis (including typical submembranous –i.e. cortical- labeling for β-actin), giving rise 

to long lines (filaments) (Figure 4.15.B). The α-SMA in helical strand-like pericyte 

processes could be distinguished by its spiraling course eccentrically over the 

capillary wall unlike endothelial F-actin labeling that runs parallel to the lumen 

creating a pseudo image of a lumen in the middle of the vessel (Figure 4.15.C). 
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Figure 4.15. Phalloidin labeling largely overlaps with α-SMA immunostaining. A. The 
phalloidin labeling of α-SMA can be traced and differentiated from other 
actin isoforms by its pattern overlapping with that of α-SMA 
immunostaining in wrapping-type pericytes (see 2x zoomed inset for 
detail of the overlap, i.e. yellow color). Arrowheads point to pericyte 
somas identified by labeling of nuclei with Hoechst. Note that as pericyte 
coverage decreases in higher order branches so do α-SMA 
immunostaining and phalloidin labeling, illustrating that majority of the 
phalloidin labeling in pericytes displays the α-SMA isoform. The image on 
the right shows labeling for β-actin, which runs along the cortex of the 
vessel in addition to slight diffuse labeling.  Scalebar: 10 µm. B. α-SMA in 
the processes of a pericyte on the third order retinal vessel runs around 
the vascular axis (white dashed lines), whereas non-α-SMA isoforms of 
actin can be traced along the longitudinal axis of the vessel (cyan dashed 
lines). Note the absence of α-SMA immunostaining of the phalloidin-
positive longitudinal filaments in contrast to circular ones in inset. 
Scalebar: 10 µm. C. α-SMA in the helical processes follows the vascular 
wall starting from the boxed area on the distal part of a 4th order branch. 
Bottom row shows the boxed area at higher magnification. Note that α-



52 
 

SMA and corresponding phalloidin-staining overlap over the vessel wall, 
whereas the red-filamentous staining running parallel and closer to the 
lumen is α-SMA-negative (arrowhead). Phalloidin labeling largely 
corresponds to the α-SMA isoform even in helical pericytes. Upstream to 
the box, α-SMA labeling is of wrapping type. *: pericyte soma. Scalebar: 
20 µm 

4.4.2. Phalloidin and DNase I Labeling as Indicators of Actin Polymerization 

State  

DNase I labeling disclosing actin monomers was evident in the vessel wall as 

well as throughout the tissue, regardless of cell type. Although G-actin staining 

delineated the outline of the vascular tree, this was more like a “vascular silhouette” 

in contrast to phalloidin labeling, which sharply outlined the vessels. When retinas 

were treated with NA, F-actin staining became more pronounced especially in 

downstream pericytes, whereas vascular silhouette formed by G-actin labeling was 

attenuated and became hardly discernable from the background formed by 

nonvascular cells (Figure 4.16.A). Reduction in DNase I staining was also evident in 

some low order capillaries without obvious contracted segments (Figure 4.16.B). 

However, the number of such upstream capillaries did not reach a statistically 

significant difference compared to vehicle-treated retinas unlike high order 

capillaries as we detail in the next section (Figure 4.17.C). 
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Figure 4.16. Noradrenaline stimulation induces actin polymerization in microvessels. 
A. Images from vehicle-treated (upper row) and noradrenaline-treated 
(lower row) retinas were obtained from the same vascular orders (2-5) 
and all imaging parameters were kept identical. Background signal 
intensities were matched for illustrative purposes. Yellow and cyan boxes 
display pericytes on the second and fifth order retinal microvessels, 
respectively. Blue indicates Hoechst-labeled nuclei. B. Intensely (yellow 
inset) and partially constricted (cyan inset) segments of retinal capillaries 
from an NA-treated retina display different F-actin staining patterns. 
Phalloidin labeled F-actin appears more condensed at the segment where 
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microvascular constriction is more pronounced. In both instances, 
however, DNase I staining was noticeably reduced so that vascular outline 
is barely discernable from the background. Insets are 2x magnified. 
Scalebars: 20 µm. 

4.4.3. NA Induces Actin Polymerization in Retinal Pericytes 

We calculated F/G-actin ratios from ROIs placed over pericytes identified by 

morphological criteria. The balance between monomeric and polymeric forms of 

actin shifted towards the polymerized (F) actin side in pericytes from the NA-treated 

retinas compared to the pericytes of the vehicle-treated retinas, as revealed by 

significantly increased F/G-actin signal ratios (medians: 4.2 vs. 3.5; IQRs: 3.1 vs. 2.1, 

p=0.006, n=108 vs. 83 pericytes, 6 retinas per group; due to the skewed distribution 

of values, non-parametric tests were used)(Figure 4.17.B). Because double labeling 

with α-SMA showed that majority of phalloidin labeling in pericytes corresponds to 

α-SMA, we presume that this rapid shift induced by NA within 2 minutes may involve 

increased α-SMA polymerization. A similar shift in other isoforms is also likely as seen 

in aortic vSMCs, but this cannot be easily distinguished in small pericytes in vivo with 

the available techniques and severely limited by rapid depolymerization of small F-

actin pool in pericytes during tissue preparation for ex vivo investigation unlike vSMCs 

(16). The pattern of intensified phalloidin signal overlapped with α-SMA 

immunostaining, however, the present microscopic resolutions do not allow whether 

α-SMA or adjacent non-α-SMA F-actin filaments were more polymerized (Figure 

4.17.B). Pharmacological or genetic inhibitors of polymerization processes also do not 

differentiate between polymerization of F-actin isoforms. Importantly, however, an 

increasing F/G-actin signal ratio was observed towards downstream branches when 

the analyses were performed per retinal vascular order. In fact, the increase was 

statistically significant only for orders five (p=0.038) and six (p<0.001) (Figure 4.17.C).  
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Figure 4.17. Noradrenaline induces F-actin polymerization in downstream retinal 
pericytes. A. Images illustrate ROI placement over a fourth (upper) and a 
sixth (lower) order retinal microvessel, representing wrapping and helical 
pericytes, respectively. B-C. NA treatment promotes F-actin 
polymerization as suggested by increases in F/G-actin signal ratios. 
Scatter dot-box plot graphs illustrate F/G-actin signal ratios in individual 
pericytes from noradrenaline (n=97) or vehicle-treated (n=84) retinas for 
all orders from 2-6 (B) and by each vascular order (C) (n=6 mice retinas 
per group). 

Although the group differences were statistically significant, considering the 

high variability and skewed distribution of values as well as the possibility that all 

downstream pericytes may not be equally responsive to NA, we assessed the 

presence of a subgroup of pericytes that did not contract within the 5th and 6th order 
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populations. We found that a threshold F/G ratio value of 5 was able to separate the 

two populations by ROC analysis of vehicle and NA-treated groups (false positivity 

rate was accepted as 15%, AUCOR=0.742, p=0.001). This threshold also conformed 

to the mean  1SD value of 4.8 for the vehicle-treated pericytes. When values above 

and below the threshold for the 5th and 6th order NA-treated pericyte populations 

were separately analyzed, the median F/G was 7.6 (IQR=4.7) vs. 3.2 (IQR=1.2) 

(p<0.001) (n=45). Supporting the idea that the NA-responsive pericytes increased 

their tonus (contracted); the corresponding ratios [median (IQR)] of the capillary 

diameter change measured adjacent to the pericyte nucleus divided by the diameter 

at the branch origin were 0.67 (0.14) vs. 0.81 (0.34), respectively (p=0.005), whereas 

the median for vehicle treated group was 0.85 (IQR=0.32) (n=25, p<0.001 compared 

to NA-responsive group)(Figure 4.18.C). We did not measure the diameter under the 

soma but just next to nucleus (juxtanuclear) because under-soma measurements 

were confounded by location of the pericyte nucleus relative to the scanning angle 

(Figure 4.18.A). In response to NA, downstream pericytes generally did not show 

nodal constrictions but a tide-like diameter decrease, reaching a maximum near soma 

(Fig 4.18.B). Accordingly, we assessed the diameter change relative to the diameter 

at the origin of the capillary segment as described in the methods.  
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Figure 4.18. High F/G signal ratio is associated with decreased capillary diameter. A. 
Image illustrates how juxtanuclear capillary diameter was measured. 
Measurements under the soma (white) were not preferred because they 
give misleading values in some instances where the pericyte nucleus is 
superimposed on vessel lumen in maximum projection images. 
Juxtanuclear values were then divided by the initial diameter of each 
capillary segment at the proximal branching point to yield juxtanuclear 
diameter ratio. B. The ratio of diameter near pericyte soma to the 
diameter at the branch origin is defined as juxtanuclear diameter ratio. 
Image illustrates how these diameters are measured in a 5th order 
pericyte with F/G-actin signal ratio above 5. Asterisk shows the index 
pericyte’s soma. JNDR: Juxtanuclear Diameter Ratio. C. In vascular orders 
of 5 and 6, which had significantly increased F/G-actin signal ratio values, 
a cutoff F/G value of 5 was able to differentiate NA and vehicle treated 
groups. This value was used to separate NA responsive and unresponsive 
pericytes on 5th and 6th order capillaries in NA-treated retinas. The group 
with high F-actin polymerization index, therefore considered as NA 
responsive, displayed significantly decreased vascular diameters 
compared to both NA-unresponsive and vehicle groups. The comparison 
of three groups by Kruskal-Wallis test yielded a p value less than 0.001. 
Only 4 of the vehicle treated pericytes had F/G-actin signal ratio values 
above 5, which are shown with red-filled circles.  
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5. DISCUSSION 

 

Although it is now generally accepted that pericytes can contract and relax in 

response to physiological and pharmacological stimuli as well as microvascular 

pathological processes, the underlying mechanism of this contraction remains 

underexplored. Actomyosin coupling and F-actin polymerization was previously 

demonstrated to be involved in pericyte contractility under in vitro experimental 

conditions (8); however, its in vivo correspondence is unclear because pericytes 

exhibit different contractile phenotypes along the microvasculature. An actomyosin-

mediated contraction is generally regarded as a putative mechanism for upstream 

pericytes rich in α-SMA, whereas the presence of a similar mechanism in downstream 

pericytes expressing low amounts of α-SMA is in question (2, 4, 7, 73). The 

controversies have been rekindled by recent single cell transcriptomic studies, which 

could only detect low levels of α-SMA-mRNA in dissociated pericytes (51, 119). 

In smooth muscle cells, the prototypical contractile cells in vertebrates, actin 

alone cannot carry out motor function but acts as a guide for myosin motor protein 

to slide on. Among the 6 isoforms of actin, α-SMA is the contractility-associated 

isoform in majority of the smooth muscle cells. The forces exerted by these motor 

proteins in vSMCs deform the cell, which leads to narrowing of the lumen with help 

of the connections to the extracellular matrix proteins in the vessel wall. At the 

microcirculatory level, luminal diameter changes have been shown to be the result 

of pericyte contraction. By analogy, pericytes may also exploit the actomyosin based 

contractile system used by vSMCs. A few studies performed on cultured pericytes 

support this hypothesis (8). However, in vivo evidence is lacking for the presence of 

a functional actomyosin complex in pericytes. 

Alarcon-Martinez et al. (18) clearly showed that retinal capillary pericytes 

express the α-SMA isoform by preventing actin depolymerization using a rapid 

fixation process. This finding was functionally correlated to the colocalization of 

capillary constrictions with α-SMA expressing pericytes (37). The anti α-SMA 

http://betsholtzlab.org/VascularSingleCells/database.html
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antibodies used in these studies, and also in the present study, are raised using the 

synthetic NH2 terminal decapeptide of α-SMA coupled to keyhole limpet hemocyanin 

(KLH) as the immunogen (120). They do not cross-react with other actin isoforms. 

Therefore, the immunofluorescent signal observed is considered specific to α-SMA. 

However, α-SMA labeling was limited in pericytes on 5th-8th downstream orders 

despite rapid fixation. Mouse Acta2 gene has two splice variants resulting in two 

proteins sharing similar amino acid sequences at their N terminals (121). Therefore, 

the alternative splice variant might take over in downstream pericytes that have 

scarce or no labeling. However, because the anti-α-SMA antibodies used in this study 

recognize the protein at its N terminal, they are expected to recognize both splice 

variants, hence, excluding this possibility. Alternatively, some actin binding proteins 

complexing with stress fibers of downstream pericytes might lead to epitope masking 

and difficulty in immunolabeling of α-SMA fibers (42); however, there is no evidence 

as yet supporting this speculative possibility. So, we conclude that the inefficient 

labeling is likely to be a result of rapid depolymerization of a small pool of α-SMA in 

downstream capillaries during tissue processing.  

The other component of the actomyosin system, the myosin II motor protein, 

has been far less studied in pericytes. In our study, relying on the expression data and 

the presence of α-SMA in pericytes, Myh11 was chosen as the MHC isoform of 

interest. Immunofluorescent labeling against Myh11 revealed an uninterrupted 

labeling all along the retinal vasculature, from superficial to deep layer. We consider 

this labeling specific even though the immunogen of Myh11 antibody used in this 

study shares 82% homology with Myh9 because no experimental cross-reactivity has 

been reported in the literature and, we used of a rather low concentration of primary 

antibody (1:400). Moreover, coupling Myh11 with α-SMA is more advantageous for 

smooth muscle contraction because the smooth muscle isoforms of myosin II have 

faster kinetics compared to non-muscle isoforms such as Myh9 (122). ECs might be 

another source of Myh11 signal, since they were reported to express Myh11 

transcripts (52). However, the close association with α-SMA is able to unambiguously 

discriminate pericytic staining. Moreover, the significance of transcriptomic findings 
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should be treated cautiously because isolation of ECs from pericytes for single-cell 

studies is very difficult due to the firmly attached basement membrane between 

cells.  

After demonstrating the colocalization of α-SMA and Myh11, we used 

blebbistatin, a myosin II inhibitor to confirm the presence of a functional actomyosin 

complex in retinal pericytes. The concentration of blebbistatin was determined based 

on the cell culture study by Lee et al. (8), with optimization modifications considering 

the vitreous volume. Blebbistatin application prior to NA inhibited vasoconstriction, 

particularly in downstream vessels, which preferentially constrict with the NA dose 

we used. This finding strongly suggests that NA-induced vasoconstriction in retinal 

microvasculature involves actomyosin coupling. As also suggested by their 

morphology, capillary/thin-strand pericytes are thought to maintain the capillary 

tonus, rather than acting like a vascular sphincter. The function of this tonal 

regulation might be to modify vascular resistance, hence, the flux of RBCs through a 

narrow lumen (109). As an analogy, smooth muscle layers are organized in circular, 

longitudinal and sometimes oblique orientations within the walls of hollow organs 

(i.e. those with a lumen) such as esophagus, stomach, intestines, colon, bladder and 

ureter. Combined action of these varying orientations provides propulsive movement 

of the content. For instance, the longitudinal muscle layer shortens the related 

segment bringing circular forces together and intensifying the overall effect on 

luminal diameter (123). Besides organization of stress fibers in 3 directions, perhaps 

creating a propulsive force in addition to tonus, higher basal calcium levels in 

downstream pericytes (73) suggests a dynamic regulation of contraction in 

downstream capillaries.  

Another approach we used to assess the close association of α-SMA with 

Myh11 was the FRET technique. FRET pairs are ideally formed by direct fluorescent 

tagging of proteins at appropriate amino acids. However, synthesis of these labeled 

proteins requires an extensive work, hence, is not time and cost-effective. Labeling 

of the targets with fluorescently conjugated antibodies can practically be achieved 
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under routine laboratory conditions. When these fluorescent-tagged antibodies are 

used as FRET pairs, sufficient FRET distance (i.e < 10 nm) can potentially be obtained 

despite spatial limitations imposed by the large size and dipole orientation of 

antibodies. The interfilament distance between actin and myosin backbones 

reportedly ranges between 8-14 nm depending on the muscle type although the 

distance is affected by angular position of the myosin head and the state of power-

stroke (124). Therefore, it is reasonable to expect that some of the myosin heads are 

within the FRET distance of actin. In this study, the antibody against Myh11 was 

chosen because its epitope is close to the myosin head-actin interaction site whereas 

the anti α-SMA antibody targets the N-terminal, the site interacting with myosin 

(125). Additionally, to avoid the distance due to large size of the secondary 

antibodies, Cy3 fluorophore was directly attached to α-SMA primary antibody, and a 

nanosecondary antibody was used to label Myh11 with Alexa-Fluor 488, which 

allowed us to obtain high FRET efficiencies, pointing to a tight colocalization (< 10 

nm) of the two motor proteins. Of note, as FRET is an all-or-none phenomenon, the 

efficiency values obtained only represent the ratio of positive occasions within a 

defined region. Therefore, higher or lower efficiency values do not correspond to 

closer or more distant localization of proteins, but only the ratio of pairs showing 

FRET to total number of pairs within an ROI. Further studies are required to see 

whether stimulation of actin-myosin interaction increases FRET occurrences. 

The present study also shows that F-actin polymerization can be promoted in 

retinal 5th and 6th order downstream pericytes briefly stimulated in vivo with a 

vasoconstrictive neuromodulator. This is accompanied by a reduction in diameter of 

5th and 6th order capillaries, suggesting that F-actin polymerization is involved in 

pericyte contraction. Previous studies from our laboratory using agents that inhibit 

F-actin depolymerization such as phalloidin and jasplakinolide as well as short 

interfering α-SMA-RNA suggested that pericytes on high branch order retinal 

capillaries had a rapidly (de/re) polymerizing small pool of α-SMA, mediating pericyte 

contraction (36, 37). Combining these previous and the present observations, we 

hypothesize that existing α-SMA filaments may be further polymerized on 
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vasoconstrictive stimulation, providing additional sites for actomyosin coupling along 

with strengthening the submembranous lattice by β-actin polymerization. The 

induction of actin polymerization by NA and other vasoconstrictive agents or 

intraluminal pressure is well documented for vSMCs (1, 126-128). Upon agonist 

stimulation, monomeric actin in vSMC is readily added to the existing F-actin 

filaments and elongates them (55).  Polymerization is thought to function as an 

independent but parallel mechanism to actomyosin-mediated contraction by 

providing cellular stiffness against mechanical deformation of vSMCs during 

contraction and a lattice between contracting fibers and extracellular matrix to 

transform the tension developed by actomyosin cross bridge cycling to vessel 

constriction (10, 118). In freshly dissociated aortic vSMCs, phenylephrine increased 

F/G ratio and, an isoform specific analysis showed that this increase was caused by 

polymerization of γ- but not β or α-SMA (16). However, γ-actin could not be detected 

downstream to 4th order retinal pericytes by immunohistochemistry (36) and, 

according to recent single cell transcriptomics studies, pericytes express very little 

smooth muscle - γ actin (Actg2) mRNA unlike vSMCs (52). Contribution of a similar G 

to F shift in β-actin isoform within pericytes to the increased F/G signal is also likely, 

which may contribute to contractility by reorganization of the pericyte cytoskeleton, 

especially the submembranous β-actin lattice as seen in isolated large cerebral 

arteries (1, 126, 129) and cultured pericytes (8). Unfortunately, as elaborated in the 

Results section, it is technically challenging to differentiate the relative contributions 

of each actin isoform in small capillary pericytes in vivo as well as to separate the 

potential (possibly minor) contribution by the endothelial F-actin labeling with 

phalloidin. However, suppression of the contraction of downstream pericytes with α-

SMA-siRNA in our previous studies using the same retina preparation, point to the α-

SMA-mediated mechanisms as the main source of contractile force production (37). 

Supporting this, jasplakinolide, which promotes F-actin polymerization, increased the 

number of 5th and 6th order α-SMA-immunopositive retinal pericytes about three 

times more compared to phalloidin, which only stabilizes actin filaments, strongly 

suggesting that F-actin fibers forming α-SMA is actively (de/re) polymerized in situ in 
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downstream pericytes (36). However, despite technical shortcoming precluding 

direct evidence, based on the rich data from vSMCs, we conclude that α-SMA-

mediated contraction in downstream pericytes can be complemented with the 

supplementary force generated by polymerization of submembranous β-actin 

cytoskeleton connecting to the extracellular matrix (8, 128).  

A significant F/G-actin signal ratio increase in retinal high order capillaries, 

which are only partly covered by pericyte soma and their thin processes, can be 

explained by dependence of their contractile force generation to de novo F-actin 

polymerization in addition to the contraction of α-SMA fibers existing in low 

quantities. This formulation is consistent with difficulty in detecting α-SMA protein in 

pericytes in high order capillaries as well as low α-SMA-mRNA levels (51) and more 

effective knockdown by RNA interference relatively to the upstream pericytes (36, 

37). As previously suggested (73), the downstream pericytes may contribute to 

regulation of the capillary flow by maintaining a modifiable elasticity (stiffness, tonus) 

of the capillary wall rather than by focal constriction (28). Peppiatt et al. (30) originally 

proposed this possibility to explain the lack of nodal capillary constriction under the 

pericyte soma on stimulation with NA in their study using whole-mount retina. 

Altogether these observations are in line with the proposal of two different 

contractile phenotypes of retinal pericytes, one inducing node-like/phasic and the 

other tide-like/tonic constrictions (117). Therefore, in contrast to the higher-

pressurized proximal segments where strong actomyosin bridging is needed for 

reducing the capillary diameter, in distal capillaries, the lower tension generated by 

small amounts of α-SMA filaments can be distributed by way of F-actin lattice along 

the pericyte cortex to provide a modifiable but sustained tonus (stiffness) to the 

capillary. The continual basal contractile state (tonus) may require relatively higher 

steady-state intracellular calcium (as suggested by high frequency of spontaneous 

calcium transients observed by Rungta et al. (73) compared to the upstream 

temporarily contracting/relaxing enwrapping type pericytes, thereby, increasing 

their sensitivity to vasoconstrictive stimuli. Also, a small amount of α-SMA fibrils (36) 

may require polymerization to generate the necessary force in response to 
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vasoconstrictive stimulation, which, under resting conditions, might be driven by 

mechanical stress-induced F-actin polymerization triggered by transiting blood cells 

that are squished in narrow lumina of downstream capillaries (56). In summary, 

(de/re) polymerization of cytoskeletal F-actin and α-SMA may be a dynamic 

mechanism regulating stiffness (tonus) and contractility of downstream pericytes. 

Future studies are needed to gain insight to these mechanisms in vivo though it is 

technically challenging. 

Another explanation for differential sensitivity of down and upstream 

pericytes to NA might be the presence of different densities or subtypes of adrenergic 

receptors along the retinal vascular tree, with varying sensitivities and downstream 

signaling pathways; however, this idea remains speculative, as the subject is not 

sufficiently explored. The vasoconstrictive action of NA is generally associated with 

α1-adrenoceptor subtype and, transcriptomic studies consistently show that 

pericytes express α1-adrenergic receptors (9, 52), although in vivo distribution of the 

receptor in pericytes along the microvasculature is not clear. Similarly, there are PCR 

studies supporting the presence of mRNAs belonging to all three α1-adrenoceptor 

subtypes (A, B and D) in the rabbit (130) and mouse (131) retina, yet, differential 

expression of these subtypes regarding the position along the vascular axis has not 

been investigated. There are a few functional correlation studies between murine α1-

adrenoceptor subtypes and NA response. However, these studies were conducted 

without any specification of ocular vascular tissue (132) or focused only to the 

arteriolar level (133). Additionally, administration route of NA was either systemic 

(133) or topical application over the ex vivo retina preparation (132). Compared to 

the previous administration routes, we presume that, in our model, NA must have 

preferentially acted on receptors located on pericytes rather than endothelia (134) 

as the intravitreally administered NA gains access to capillaries from the abluminal 

side unlike systemically injected NA first reaching to endothelial receptors from the 

blood. In a study on isolated pig retinal arteries, vasoconstrictive effect of NA was 

higher when microperfused intraluminally, compared to extraluminal application 

(135). This finding supports the view that direction of NA access to vessel affects its 
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mechanism of action. Additionally, to achieve intraluminal access in an in vivo study, 

systemic administration of NA would affect circulation dynamics in a complicated 

way, because of its positive inotropic/chronotropic effects. Contrary to our results, in 

a study on rat retinas, intravitreal injection of NA only affected the diameter of larger 

caliber arterioles but not the capillaries (136). This discrepancy might be a result of 

the 15 minutes-long incubation period, beyond the half-life of NA, and the change in 

arterioles might be a secondary effect. Besides, as it was shown in rabbit eyes that 

intraocular NA increases trabecular outflow, clearance of NA might be increased as 

well (137). 

The finding of NA-responsive and unresponsive populations within NA-

treated pericytes of 5th and 6th vascular orders is in line with the recent findings by 

Alarcon-Martinez et al. (138). They identified interpericyte tunneling nanotubes 

connecting two retinal pericytes and mediating simultaneous but opposite actions in 

vascular segments (constriction vs. dilation) that they are associated with. This means 

that a vasoconstrictive agent may not result in a homogenous constrictive response 

along the entire retinal vascular network. 

Most of the noradrenergic innervation in central nervous system terminates 

around capillaries, rather than larger caliber vessels (30). Although retina is devoid of 

sympathetic innervation (95, 139), retinal vascular mural cells harbor adrenergic 

receptors as discussed above (for review, 31). From an evolutionary point of view, 

this discrepancy might serve to protect retina from the temporary changes in 

systemic sympathetic nervous system tonus. Such that, in case of an adrenergic 

spillover into circulation during a full-blown fight-or-flight response, the blood flow 

can be redistributed [perhaps toward the intermediate layer where the demand is 

higher (94)] by adrenaline accessing vessels via putative catecholamine transport 

mechanisms across blood-retinal barrier (140).  However, for validating this idea, we 

need information on distribution of adrenergic receptors in a layer- and branch order-

specific way. Unfortunately, the intermediate and deep layers were not included in 
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this study due to limitations in penetration of the antibodies and fixatives as well as 

laser beam used for staining and confocal imaging. 

When signal transduction pathways are considered, both effects observed by 

NA application in this study, actin polymerization and actomyosin coupling, merge on 

RhoA/Rho kinase pathway. The mechanism of action of NA on α1-adrenergic 

receptors in vSMCs is through two different G proteins: Gq, which increases 

intracellular calcium via phospholipase C mediated inositol triphosphate production 

pathway; and G12/13, which activates Rho-GEF and hence Rho-kinase pathway (141, 

142).  Rho-kinase inhibits MLCP or activates MLCK by phosphorylation, enhancing 

actomyosin interaction. Rho-kinase pathway also increases actin filament 

polymerization (82), assembly (143) and membrane association (144). Therefore, 

activation of adrenergic receptors triggers a cascade of events that collectively lead 

to cellular contraction (see Figure 5.1. for a summary), as also suggested by the 

findings in our study. 

 

Figure 5.1. Activation of α1-adrenergic receptors triggers a cascade of events that 
lead to cellular contraction. 
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6. CONCLUSION AND REMARKS 

 

In conclusion, retinal microcirculatory pericytes express Myh11 isoform 

colocalized with α-SMA, suggesting an actomyosin complex based contractile 

mechanism. This colocalization is functionally relevant to microvessel diameter 

regulation because pharmacological inhibition of the actomyosin coupling with 

blebbistatin prevented capillary vasoconstriction. Noradrenergic stimulation of the 

retinal microcirculatory pericytes also promotes F-actin polymerization, supporting 

the view that pericytes contract by way of α-SMA-mediated and F-actin supported 

cytoskeletal mechanisms. Shift from G-actin monomers to polymerized F-actin was 

more pronounced in high order distal capillaries, possibly due to their dependence 

on de novo F-actin polymerization for contractile force generation because α-SMA 

exists in low quantities in these pericytes. These in vivo findings clarify that 

microvascular pericytes share common mechanisms of contractility with upstream 

vSMCs despite adaptive modifications to meet the local requirements imposed by 

the function of the microvascular segment that they are located on. 
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