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STRUCTURAL AND MOLECULAR ANALYSIS OF ARTERIOLAR ANNULI IN
THE RETINA: IMPLICATIONS IN DIABETIC AND HYPERTENSIVE

RETINOPATHY.

SUMMARY

Retinal vasculature shows special characteristics in order to minimize the
interference with the light path, which passes through the entire retina to reach
the external segment of photoreceptors. The small size and sparse distribution
of retinal capillaries, together with the high metabolic demand, makes retinal
homeostasis highly dependent on blood flow regulation. Retinal blood vessels
are not innervated. Thereby, the influence of autonomic nerve stimulation can
be excluded. In addition, blood-retinal barrier isolates the retina from the effect
of circulating hormones and neurotransmitters. Thus, for its function retinal
vasculature must be controlled through finely tuned local regulatory blood flow

mechanisms.

Arteriolar annuli are singular structures occurring at side-arm branching
sites of retinal arterioles. These structures were defined in the mid last century
by the presence of increased PAS-positive material and increased cellularity.
Moreover, a recent study has evidenced the specific expression of certain
genes at the arteriolar branching points. However, most of the studies dealing
with arteriolar annuli are out of date and incomplete. Thus, both structure and

function remain to be elucidated.



Our results have confirmed the presence of arteriolar annuli in mouse
retina, appearing as a conical hypercellular structure of intensely PAS stained
material. Lectin specific binding and salivary amylase digestion have
determined that specific PAS stain is mainly due to increased glycogen content

in cells forming the arteriolar annuli.

Detailed morphological analyses of arteriolar annuli have evidenced
three different components: endothelial, intersticial (ICs) and smooth muscle
cells, showing a distinctive structural and molecular phenotype. In this regard
endothelial cells show decreased expression of CD31, together with enhanced
NADPH diaphorase and von Willebrand factor (VWF) expression. Thus,
suggesting that annuli endothelial cells are able to induce vasodilatation and to
maintain an antithrombotic milieu. Smooth muscle cells in the annuli appeared
reoriented embracing the origin of the collateral arteriole. This particular
disposition could indicate a sphincter-like activity by bulging annuli cells to the
arteriolar lumen. In addition, ultrastuctural analysis evidenced the existence of
peg-and-socket junctions between smooth muscle cells of arteriolar annuli. This
result suggests a stretch-coordinated annuli contraction. Furthermore, a
possible reinforcement of basement membrane was evidenced by increased
expression of its main components, including collagen 1V, laminin and
fibronectin. A diminished colocalization of collagen IV and laminin, suggest a

change in the organization of basement membrane in arteriolar annuli.

ICs have been described as a new cell population in the arteriolar annuli.
These cells showed features matching the “gold standard” ultrastructural
features established for the intestinal Interstitial Cajal cells identification. In
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addition, annuli presuntive Interstitial Cajal cells expressed specific markers of
these cells, such as Anol and CD44, although c-kit expression could not be
observed. A distinctive pattern of distribution of F-actin filaments, together with
an increased expression of B-actin and a lack of a-SMA allowed further
differentiation between annuli ICs and vascular smooth muscle cells. Functional
studies suggest that annuli ICs perform functions of: pacemarker activity,

neuromodulation and mechanotransduction.

Blood flow alteration is an early event in retinal diseases, such as
diabetic and hypertensive retinopathies, which are the two major causes of
blindness and visual impairment worldwide. Thus, the function of arterial annuli
and their alterations during retinopathy could be of interest in order to

understand the physiopathology of vascular retinopathy.

The analyisis of arteriolar annuli in model of diabetes type Il (db/db mice)
evidenced impaired glycogen storage in annuli ICs. In addition, the studies in a
model of hypertension (KAP transgenic mice) evidenced a decreased
expression of Anol in annuli ICs during hypertensive retinopathy, suggesting a
loss of function of calcium-activated chloride channels. Thus, alterations
observed in the retinal ICs could induce an impaired function of arteriolar annuli

driving to dysregulation of blood flow during retinopathy.

Moreover, arterial annuli are present in man retina. Preliminary results,

as happens in mice, may suggest its alteration during retinopathy

Taken together, obtained results suggest that arteriolar annuli are

endowed with specific molecular, structural and functional characteristics which

Vi



allow playing a key role in the retinal blood flow regulation in health and during

retinopathy.
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ANALISIS ESTRUCTURAL Y MOLECULAR DE LOS ANILLOS
ARTERIOLARES EN LA RETINA: IMPLICACIONES EN LAS RETINOPATIAS

DIABETICA E HIPERTENSIVA

RESUMEN

La vasculatura de la retina presenta caracteristicas especiales ya que es
fundamental que los vasos no interfieran el paso de la luz, que debe atravesar
la retina para llegar a los fotoreceptores. El pequeiio calibre de los capilares
retinianos, junto con los elevados requerimientos metabolicos, hace que la
regulacion del flujo sanguineo sea fundamental para el correcto mantenimiento
de la homeostasis de la retina. La vasculatura retiniana no presenta inervacion,
por lo que la influencia de estimulacidon por parte del sistema nervioso
autonomo queda excluida. Ademas, la barrera hematorretiniana aisla a la retina
del efecto tanto de hormonas circulantes como de neurotransmisores. Por lo
tanto, la funcion de la vasculatura retiniana debe efectuarse a través

mecanismos locales de regulacion del flujo.

Los anillos arteriolares son estructuras singulares que aparecen en las
ramificaciones laterales de las arteriolas de la retina. Dichas estructuras fueron
definidas a mediados del siglo pasado por la presencia de acumulos de
material PAS positivo junto con un aumento de la celularidad. Estudios
recientes, evidencian, ademas, la expresion especifica de ciertos genes en

dichas ramificaciones. De todos modos, la mayoria de los estudios que versan
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sobre el anillo arteriolar son antiguos e incompletos. Por lo tanto, tanto la

estructura como la funcién de los anillos aun deben ser elucidadas.

Nuestros resultados han confirmado la presencia los anillos arteriolares
en la retina del raton, en la que aparecen como una estructura conica e
hipercelular de material intensamente tefiido mediante PAS. La unidn
especifica de lectinas, junto con la digestion con amilasa salivar, han
determinado que esta tincion especifica con PAS se debe a un incremento del

contenido en glucégeno en la células que forman el anillo arteriolar.

El profundo andlisis morfologico del anillo arteriolar evidencié tres
componentes distintos en su estructura: las células endoteliales, las células
intersticiales (ICs) y las células musculares lisas. Cada uno de estos
componentes presentd un fenotipo estructural y molecular distintivo. De este
modo, las células endoteliales mostraron una disminucion de la expresion de
CD31, junto con un incremento en las expresiones tanto de NADPH diaforasa
como del factor de von Willebrand (VWF). Por lo tanto, estos resultados
sugieren que las células endoteliales del anillo arteriolar son capaces de inducir
vasodilatacion asi como de mantener un ambiente antitrombaético. En el anillo
arteriolar, las células musculares lisas presentaron un cambio en la orientacién
para abrazar el origen de la arteriola colateral. Esta disposicion particular
podria indicar una actividad de tipo esfinter mediante un abultamiento de las
células del anillo hacia el interior de la luz vascular. Ademas, el analisis
ultraestructural evidencio la existencia de uniones de tipo peg-and-socket entre
las células musculares lisas del anillo arteriolar. Este resultado sugiere una

contraccién del anillo arteriolar coordinada mediante traccién. Asimismo, el



incremento de expresién de los principales componentes de la membrana
basal, colageno 1V, laminina y fibronectina, evidencié un posible refuerzo de
esta. Del mismo modo, una disminucién en la colocalizacion entre colageno IV
y laminina sugiere un cambio en la organizacién de la membrana basal en el

anillo arterial.

Las ICs se describen como una nueva poblacion celular en el anillo
arteriolar. La morfolégia de estas células concorddo completamente con el
“estandar de oro” de caracteristicas ultraestructurales establecido para la
identificacion de las células intersticiales de Cajal. Mas aun, las presuntas
células intersticiales de Cajal encontradas en el anillo expresaron marcadores
especificos de éstas tales como Anol y CD44, pese a que la expresion de c-kit
nunca se observo. El patron diferencial en la distribucién de los filamentos de
F-actina, junto con el incremento en la expresion de f-actina y la falta de a-
SMA, permitieron diferenciar de forma mas evidente las ICs de las células

musculares lisas en el anillo arteriolar.

Los estudios funcionales han sugerido que las ICs del anillo arteriolar
llevan a cabo funciones de actividad marcapasos, neuromodulacion vy

mecanotransduccion.

La alteraciébn del flujo sanguineo es un evento temprano en
enfermedades de la retina como la retinopatia diabética y la retinopatia
hipertensa, las mayores causas de ceguera y déficit visual en el mundo. Por lo

tanto, la funcion del anillo arteriolar, asi como sus alteraciones durante la
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retinopatia, pueden ser de interés para el discernimiento de la patofisiologia de

las retinopatias vasculares.

El analisis de los anillos arteriolares en un modelo de diabetes tipo 2 (el
raton db/db) evidencié una alteracién en el almacenamiento de glucégeno en
las ICs del anillo arteriolar. Ademas, los estudios en un modelo de hipertension
(el ratén transgénico KAP) mostraron un decremento en la expresion de Anol
en las ICs durante la retinopatia hipertensa, sugierendo una pérdida de funcion
de los canales de cloro activados por calcio. Por lo tanto, las alteraciones
observadas en las ICs podrian producir una pérdida de funcionalidad del anillo
arteriolar que conduciria a una alteracion en la regulacion del flujo sanguineo

durante la retinopatia.

Los anillos arteriolares también se han encontrado en la retina humana.
Estudios preliminares sugieren que, del mismo modo que ocurre en el ratén,

estas estructuras se alteran durante la retinopatia.

En conjunto, los resultados obtenidos sugieren que el anillo arteriolar
estd dotado de caracteristicas moleculares, estructurales y funcionales que le
confieren un papel clave en la regulacion del flujo sanguineo tanto en

condiciones fisiolégicas como durante la retinopatia.
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PRESENTATION and OBJETIVES




Retinal vasculature shows special characteristics in order to minimize the
interference with the light path, which passes through the entire retina to reach
the external segment of photoreceptors. The small size and sparse distribution
of retinal capillaries (Wangsa-Wirawan and Linsenmeier, 2003), together with
the high metabolic demand (Bristow et al., 2002), makes retinal homeostasis
highly dependent on blood flow regulation. Retinal blood vessels are not
innervated. Thereby, the influence of autonomic nerve stimulation can be
excluded. In addition, blood-retinal barrier isolates the retina from the effects of
circulating hormones and neurotransmitters (Laties, 1967; Delaey and van de
Voorde, 2000). Thus, retinal blood flow must be controlled through finely tuned

local regulatory mechanisms.

Arteriolar annuli are singular structures occurring at side-arm branching
points of retinal arterioles. These structures were defined in the mid last century
by the presence of increased PAS-positive material and increased cellularity
(Kuwabara and Cogan, 1960). Moreover, a recent study has evidenced the
specific expression of certain genes at the arteriolar branching points (Lopes et
al., 2012). However, most of the studies dealing with arteriolar annuli are out of

date and incomplete. Thus, both structure and function remain to be elucidated.

Blood flow alteration is an early event in retinal diseases, such as
diabetic and hypertensive retinopathies, which are the two major causes of
blindness and visual impairment worldwide (Meyer-Risenberg et al., 2007).

Thus, the function of arterial annuli, as presumptive sphincters, during blood



flow regulation and their impairment during retinopathy could be of interest in

order to understand the physiopathology of vascular retinopathy.

Therefore, the main goals of this work have been:

1. To morphologically and molecularly characterize the cellular components
of arteriolar annuli in the mouse retina.

2. To analyze the role of arteriolar annuli in blood flow regulation.

3. To study the alterations of arteriolar annuli during retinopathy using
animal models of diabetic retinopathy (db/db mice) and hypertensive
retinopathy (KAP transgenic mice).

4. To ascertain if human retinal vasculature presents arterial annuli



INTRODUCTION




A.THE RETINA AND ITS VASCULAR SYSTEM

The eye, the visual organ, is placed in the orbit surrounded and
maintained by soft and bony tissue. In the mouse, the eye is relatively small and

is characterized by adaptations to nocturnal vision (Leamey et al., 2008).

The eye is formed by the eyeball and the accessory organs, including the
bulbar muscles, the orbital fasciae, the eyelids, the conjunctiva and the lacrimal

apparatus.

1. LOCALIZATION OF THE RETINA IN THE EYEBALL

The eyeball (Bulbus oculi) consists of three coats: the fibrous coat of the
eyeball (Tunica fibrosa bulbi), forming the outer wall of the eyeball; the vascular
tunic of the eyeball (Tunica vasculosa bulbi), that is a highly vascularized and
pigmented medial layer; and the internal lining of the eyeball (Tunica interna
bulbi), consisting of the retina with its pigmented epithelium and the retinal

blood vessels (Vasa sanguina retinae) (Schaller, 1992; Smith et al., 2002).

The fibrous coat of the eyeball is formed by the sclera (Sclera) and the
cornea (Cornea) (Fig. 1). The sclera, the white protective layer covering the
posterior portion of the eye, consists of dense fibrous connective tissue. The
cornea forms the translucent anterior wall of the eyeball. This structure is

avascular and highly innervated.



Figure 1: The eyeball. 1. Anterior pole; Posterior pole; 3: Internal axis of the eyeball; 4: Anterior chamber
of the eyeball; 5: Posterior chamber of the eyeball; 6: Lens; 7: Vitreous chamber of the eyeball; 8: Retina;
9: Choroid; 10: Ciliary body; 11: Iris; 12: Cornea; 13: Sclera; 14: Optic nerve. Magnification: 20x.

The vascular tunic of the eyeball, also named uvea, comprises the
choroid (Choroidea), the ciliary body (Corpus ciliare) and the iris (Iris) (Fig. 1).
The choroid forms the posterior portion of the vascular tunic of the eye. This
structure consists of a highly vascularized tissue whose principal function is to
serve the metabolic needs of the outer retina. The choroid is loosely attached to
the sclera and separated of the retina by the Bruch’s membrane. The anterior
portion of the vascular tunic consists of the ciliary body and the iris. The ciliary
body is a thick annular structure located between iris and the vitreous chamber

(Camera vitrea bulbi), that projects towards the lens (Lens). The main function



of this structure is to produce eye humors, which are secreted by the ciliary
processes (Processus ciliares). Ciliary body is also the source of the
suspensory apparatus that support the lens: the zonula ciliaris. The Zonula
ciliaris consists of many fibers extending from the cilliary processes to the lens
capsule at the equator. The iris is the most anterior part of the uvea and
separates the anterior and posterior chambers of the eyeball (Camera anterior
and posterior bulbi). This structure consists of a contractile diaphragm with a
central opening (pupil). The iris regulates the amount of light admitted into the

fundus of the eye.

The lens is a transparent, biconvex structure which focuses the light on
the retina (Fig. 1). The lens plays a key role in the accommodation mechanism
by providing the eye the ability to change the focus. The lens is composed of
three main components: the lens capsule (Capsula lentis), a highly elastic
covering of the lens; the lens epithelium (Epithelium lentis), formed by a single
layer of cuboidal cells; and the lens fibers (Fibrae lentis), transparent fibers with
a semiliquid content that constitute the substance of the lens. Epithelial cells of
equatorial germinative zone produce the lens fibers and synthesize specialized
lens proteins, the crystallins. Crystalins increase the refractive index of lens
fibers. In comparison to the human eye, the mouse lens is relatively large and

rounded, occupying more than the 60% of the intraocular space.

The internal lining of the eyeball (Tunica interna bulbi) consists of the
retina with its pigmented epithelium (Fig. 1). The retina develops from the optic
cup, an outpost of the diencephalon. The optic cup is composed of two

neuroepithelial layers: the inner layer, that forms the neural retina after a

5



complex process of proliferation and differentiation; and the outer layer, that

becomes the retinal pigment epithelium.

2. RETINAL ORGANIZATION AND FUNCTION

The retina, the most complex substructure of the eye, has been
thoroughly studied anatomically by several methods. This structure is
composed of several layers that, from the outermost (close to the choroid) to

the innermost (adjacent to vitreous chamber), are (Fig. 2):

1. Retinal pigment epithelium (Stratum pigmentosum): is the pigmented

external layer of the retina. This epithelium consists of a monolayer of

cells containing numerous melanosomes.

2. Neuroepithelial layer (Stratum neuroepitheliale): is formed by two

photoreceptor cell types: rods and cones. Photoreceptors have four
primary structural and functional regions: the outer segment, containing
visual pigments; the inner segment, endowed with the machinery needed
to meet the high metabolic demand associated to phototransduction; the
cell body, with very little perinuclear cytoplasm; and the synaptic
terminal, responsible for light signal transmission. Photereceptor bodies
are separated from inner and outer segments by the external limiting
membrane, remaining the outer segments surrounded by cells of retinal

pigment epithelium. As is characteristic of nocturnal mammals, rods



account for almost the 95% of photoreceptors in the mouse retina. Thus,

mouse retina is more sensitive to changes in dim light intensity.

3. External limiting membrane (Stratum limitans externum): is not a

membrane itself but the apical processes of Muller cells.

4. Quter nuclear layer (Stratum nucleare externum): this layer is mainly

occupied by rod and cone nuclei.

5. Outer plexiform layer (Stratum plexiforme externum): consists of a thin

layer of synapses between photoreceptor axons and dendrites of neural

cells located in the inner nuclear layer: bipolar and horizontal cells.
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Figure 2: Structure of the retina. Schematic draw (left) and haematoxylin/eosin stained paraffin
section (right) showing the different layers and cells of the retina.



6.

Inner nuclear layer (Stratum nucleare internum): includes the nuclei of

bipolar, horizontal, amacrine and Mdller cells. Bipolar cells, the most
abundant cells in this layer, connect photoreceptors to ganglion cells.
Horizontal and amacrine cells are responsible for lateral integration of
neurons. In this regard, each horizontal cell is connected to many
photoreceptors and bipolar cells while amacrine cells establish synapses
with bipolar and ganglion cells. Muller cells extend from vitreous chamber
to external limiting membrane, filling all retinal space unoccupied by

neurons. Thus, these cells help to maintain retinal structural integrity.

Inner plexiform layer (Stratum plexiforme internum): in this layer occur

synapses between ganglion, bipolar and amacrine cells. Although usually
free of nuclei, sporadic astrocyte or displaced cells from adjacent layers

can also be found.

Ganglion cell layer (Stratum ganglionare): this layer is occupied by retinal

ganglion cells, characterized by large vesicular nuclei with prominent
nucleoli and abundant cytoplasm. Amacrine displaced cells have also

been identified in this layer.

Nerve fiber layer (Stratum neurofibrarum): is composed of unmyelinated

axons of ganglion cells as they extend towards the optic nerve. Cell
processes of astrocytes and Miller cells are also found surrounding the

axons.



10.Internal limiting membrane (Stratum limitans internum): directly internal

to nerve fiber layer and adjacent to vitreous chamber, the internal limiting

membrane is formed by the basal lamina of Muller cells.

The retina constitutes the sensory component of the eye. Thus, the main
function of the retina is to transform light into an electrical signal, which is sent
to the brain. Neural signals, generated by photereceptors, are transmitted by
synaptic transmission along the vertical excitatory pathway to bipolar and
ganglion cells (Maureen et al., 2008). In addition, lateral inhibitory pathways,
mediated by horizontal and amacrine cells, modulate the nervous impulses
(Maureen et al.,, 2008). Finally, axons of ganglion cells conduct the visual

information along the optic nerve to reach the visual cortex.

In addition to photoreceptors and neurons, two types of glial cells are
found in the retina: macroglial cells, constituted by Muller cells and astrocytes,
and microglial cells. Miiller cells have their nuclei located in the inner nuclear
layer and their cytoplasm spanning from the internal to the external limiting
membranes. Among others, Miller cell functions include blood flow regulation,
synthesis and recycling of neurotransmitters and regulation of extracellular ionic
balance (Newman and Reichenbach, 1996; Gardner et al., 2002). By contrast,
astrocytes location is restricted to the nerve fiber layer where their processes
surround blood vessels and unmyelinated axons (Hollander et al.,, 1991;

Gardner et al.,, 2002). Together, macroglial cells integrate vascular and



neuronal activity in the retina to maintain the strictly regulated retinal

environment (Gardner et al., 2002).

Microglial cells are considered the resident macrophages of the retina
and are located in the superficial layers of the retina. Normally, microglial cells
remain quiescent, but under certain stimuli become activated contributing to the
defence against microorganisms, phagocytosis, immunoregulation and tissue

repair (Roitt et al., 2001; Chen et al., 2002; Gardner et al., 2002).

3. RETINAL VASCULAR SYSTEM

Retinal vascular system shows unique adaptations to supply oxygen and
nutrients to a tissue whose translucency is essential for function (Funk, 1997;
Puro, 2012). Intra-retinal blood vessels deflect incoming light, compromising
visual function (Puro, 2012). Thus, retinal capillaries are sparse and small
(Wangsa-Wirawan and Linsenmeier, 2003), representing only the 5% of retinal
mass (Gartner and Hiat, 2002). However, this specific vascular distribution
leaves little functional reserve for adjusting the relatively low blood flow (Alm
and Bill, 1973) to meet the extremely active retinal metabolism (.Bristow et al.,
2002; Wangsa-Wirawan and Linsenmeier, 2003). In addition, neuron cell
function requires a tightly regulated environment (Pournaras et al., 2008).
Hence, retinal vasculature must strictly couple blood flow to local needs while
preventing the free pass of blood-borne molecules to retinal parenchyma (Funk,

1997, Delaey and van de Voorde, 2000; Pournaras et al., 2008).
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Vertebrates show a wide variety of vascular retinal patterns (Wise, 1971),
mainly due to the direct relation established between vascularisation and retinal
thickness (Dreher et al.,, 1992). Most mammals, including mouse and man,
have holoangiotic retinas. In these retinas, blood from the central retinal artery
is distributed to the entire retina through a complex network of blood vessels,

including arteries, veins and a capillary network (Germer et al., 1998).

In other species only part of the retina is supplied by blood vessels.
Thereby, in merangiotic retinas, found in lagomorpha, blood vessels are
restricted to a narrow band over the nerve fiber layer. In other species, such as
guinea-pig, retinal vessels are restricted to a narrow rim around the optic disc
(paurangiotic retinas). Finally, anangiotic retinas, found in some rodents,

completely lack intra-retinal vessels (Wise, 1971).

3.1. Retinal vascular pattern

In higher mammals, including man and mouse, the retina has a dual
circulation: the retinal vessels supply blood to the inner portion of the retina,
from the nerve fiber layer to the external aspect of the inner nuclear layer. By
contrast, the outer retinal layers depend on choroidal circulation (Smith et al.,

2002).

In man and mouse, the internal carotid artery branches to form the
ophthalmic artery (A. ophtalmica), which, in turn, gives rise to the central retinal

artery (A. centralis retinae) (Fig. 5A and B) (Schaller, 1992; Smith et al., 2002;
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Saint-Geniez and D’Amore, 2004). The central retinal artery enters the eye

through the lamina cribosa (Kur et al., 2012).

Figure 3: Vascularization of the eye. (A) and (B) show araldit injection of arteries followed by soft tissue
digestion with pancreatin. (C) and (D) show fundus images of mouse and human eyes respectively.
Images acquired with a Scan Laser Ophthalmoscope. 1: Common carotid artery; 2: Internal carotid artery;
3: Ophtalmic artery; 4: Dorsal branch; 5: Ventral branch; 6: Central retinal artery; 7: Ethmoid artery; 8:
Frontal artery; 9: Infra-orbital artery; 10: Esphenopalatine artery; 12: External carotid artery; 13: Occipital
artery; 14: Superficial temporal artery; 15: Facial artery; 16: Superior labial artery; 17: Inferior labial artery;
18: Angular artery; 19: Retinal arteries; 20: Retinal venules; 21: Optic disc; 22: Macula; 23:
Superotemporal arteriole; 23’: Superotemporal venule; 24: Inferotemporal arteriole; 24": Inferotemporal
venule; 25: Superonasal arteriole; 25’: Superonasal venule; 26: Inferonasal arteriole; 26’: Inferonasal

venule.
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In the mouse, central retinal artery emerges at the optic disc where it
branches into four to six arterioles (Fig. 3C and 4A). Retinal arterioles extend
radially towards retinal periphery while dividing by both dichotomous and side-
arm branching. As arterioles divide their lumen become narrower and their wall
thinner giving rise to pre-capillary arterioles. Finally, pre-capillary arterioles drive

blood to the capillary network (Figure 4B) (Wise, 1971).

The venous system originates at the ora serrata, where receives blood
from enlarged capillary arcades (Wise, 1971). Post-capillary venules drain
hypoxic blood from the capillary network into retinal venules. In the mouse, four
to five retinal venules run parallel to arterial arrangement towards the optic disc
(Fig 3C and 4A). As they approach the disc, venules increase in wall thickness
and calibre (Wise, 1971). Finally, retinal venules join to form the central retinal
vein that leaves the eye through the optic nerve, draining hypoxic blood into the

cavernous sinus (Pournaras et al., 2008).

Distribution and topography of mouse retinal vasculature is similar to that
of man (Fig. 3D). However, differences in vascularisation do exist between the
two species. In example, human retinal vascular pattern displays few individual
variations: from the optic disc emerge four main arterioles, namely superonasal
and inferonasal arteries (Arteriolae nasales superior et inferior retinae) and
superotemporal and inferotemporal arteries (Arteriolae temporales superior et
inferior retinae) (Fig. 3D) (Sobotta and Becher, 1974). Venous drainage is also
accomplished by four main venules, running parallel to arteriolar arrangement:

superonasal and inferonasal venules (V. nasales superior et inferior retinae)
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Figure 4: Retinal vascular pattern: (A) Fluorescein-isothyocyanate dextran retinal angiography. (B)

Collagen IV immunohistiochemistry in whole mount retina. 1: Central retinal artery; 2: Retinal arterioles; 3:
Retinal venules; 4: Precapillary arteriole; Arrows: Retinal capillaries. Scale bars: A = 362.8 um; B = 89.1

pm.

and superotemporal and inferotemporal venules (V. temporales superior et

inferior retinae) (Fig. 3D) (Sobotta and Becher, 1974).

In addition, human retina has an avascular area near the centre of the
retina: the macula. In the macula resides the fovea (Fig. 3D), a depressed area
of maximal visual acuity where retinal layers are displaced to avoid interfering
light-path to photoreceptors (Gartner and Hiat, 2002). Mice lack macula and
fovea, and in these animals the optic disc coincides with the central axis of the

eye (Smith et al., 2002).

In the retina, blood vessels are placed forming three plexi: the superficial

plexus, in the ganglion cell layer; the intermediate plexus, located in the inner
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plexiform layer; and the deep plexus in the outer plexiform layer (Fig. 5)
(Paques et al., 2003). No blood vessels are found in the outer nuclear layer
(Fig. 5) (Wise, 1971). The superficial plexus consists of larger vessels,
arterioles and venules, and a capillary network connecting them. Some
arterioles from this plexus change its direction to drive blood towards the deeper
plexi. The intermediate plexus is the less developed, and consists of short
capillary segments that abruptly run towards the deep plexus. Thus, in many
situations, it is difficult to identify. The deep vascular plexus is mainly formed by
an anastomotic capillary meshwork. Hypoxic blood from this capillary network
drains into transverse postcapillary venules that join major venules in the

superficial plexus (Paques et al., 2003).

Figure 5: Retinal vascular plexi. Paraffin sections of mouse (A) and human (B) retinas
immunohistochemically labelled with anti-collagen IV (red). Nuclei counterstain: sytox green. 1: Superficial
plexus; 2: Intermediate plexus; 3: Deep plexus. GCL: Ganglion cell layer; INL: Inner nuclear layer; ONL:

Outer nuclear layer. Scale bars: A =16.92 um; B = 13.73 um.
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Glial cells closely invest all retinal vessels, contributing to blood-retinal
barrier (Wise, 1975; Holash and Stewart, 1993). Specifically, astrocyte end-feet
ensheath blood vessels from the superficial plexus while Miiller cell cytoplasmic
processes surround blood vessels located in the intermediate and deep plexi

(Wise et al., 1971; Holash and Stewart, 1993).

As previously detailed, the outer retina (photoreceptors) remains
avascular and is nourished by the choroidal vasculature (Saint-Geniez et al.,
2006) via diffusion processes through the retinal pigment epithelium. The
choroid is a highly vascularized tissue that receives blood supply from the
anterior and posterior ciliary arteries, branches of the ophthalmic artery.
Externally in the choroid, are found the venules of the venous drainage system.
The innermost vascular layer, the choriocapillaries (Lamina choroidocapillaris),
is formed by heavily fenestrated blood vessels. Thus, choriocapillaries are very

permeable to blood-borne proteins.

3.2. Fine structure of retinal vessels

In the retina, blood flows from arterioles to venules through a capillary
network. As happens in other localizations of the body, the wall of retinal blood
vessels can be divided into three layers or tunicae: the adventitia layer is the
most external and consists of connective tissue; the media layer where can be
found smooth muscle cells and/or pericytes, depending on vessel type; and the
intima layer, formed by a monolayer of endothelial cells (Fig 6). However, since
each vessel type must serve different functions, arterioles, venules and

16
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Tunica media

Endothelium
Subendothelial coat

Tunica intima

Figure 6: Schematic draw of vascular wall layers in large vessels.

capillaries are endowed with distinctive morphological features (Wise, 1971;

Saint-Geniez and D’Amore, 2004).

Arterioles: retinal arterioles show a tunica intima consisting of a single
layer of endothelial cells placed parallel to vessel axis. These cells are attached
to a subendothelial layer consisting of connective tissue that is continuous to
the basement membrane of the tunica media. Retinal arterioles have a well-
developed tunica media, formed by one layer of circularly oriented smooth
muscle cells. Smooth muscle cell number decreases as arterioles branch

forming a discontinuous layer of sparse cells in pre-capillary arterioles. Finally,
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the tunica adventitia, mainly formed by collagen 1V, surrounds all the

components of the arteriolar wall.

Capillaries: capillaries drive blood from pre-capillary arterioles to post-
capillary venules and, according to blood flow direction, can be classified into
three groups: pre-capillaries, mid-capillaries and post-capillaries (Nehls and
Drenckhahn, 1991). The diameter of retinal capillaries vary from 3.5 to 6 um,
and their wall is formed by three elements: endothelial cells, pericytes and

basement membrane (Wise, 1971).

Venules: retinal venules show, as arterioles do, three concentric layers:
the tunica intima, the tunica media and the tunica adventitia. The intima is
formed by a monolayer of endothelial cells lining the lumen. In the venules,
subendothelial coat is thinner than that of retinal arteries. The tunica media of
retinal venules greatly differ from that of arterioles. In this way, this layer
contains widely spaced pericytes and smooth muscle cells are only found in
larger venules, where they form a non-continous layer of sparse cells. The
adventitia is mainly composed of loosely arranged, longitudinally oriented fibers

of collagen IV.

Vascular wall components, endothelial cells, smooth muscle cells,
pericytes and basement membrane, display distinctive molecular and structural
features depending on blood vessel type, tissue under study, different regions
of a certain vascular tree, and even between neighbouring cells of the same
organ and vessel type (Nehls and Dreckhahn, 1991; Worth et al., 2001; Aird,

2012). Thus, each of these components will be studied in more detalil.
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3.2.1. Endothelial cells:

The endothelium represents the inner cellular lining of the blood and
lymphatic vessels (Aird, 2007). Developmentally, endothelial cells arise from
mesoderm via the differentiation of hemangioblasts and/or angioblasts into
arterial, venular or capillary endothelial cells (Coultas et al., 2005). However,
other cell lineages, such as neural stem cells or adipose tissue, may
transdifferentiate into endothelial cells (Planat-Bernard et al., 2004; Wurmser et

al., 2004).

3.2.1.1. Endothelial cell morphology

Endothelial cells show a flat and elongated morphology with a cellular
thickness varying from less than 0.1um in capillaries and veins to 1um in the
aorta. Endothelial cells are thickest at the nucleus, thus bulging into the lumen
at nuclear region; elsewhere, they consist of cytoplasmic prolongations
encircling the vascular lumen (Fig 7). The luminal front of vascular endothelial

cells displays a highly organized coat formed by proteins, glycoproteins,
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Figure 7: Endothelial cells. (A) Confocal microscopy image of a venule labelled with the lectin from
Lycopersicon sculentum (red). (B) and (C) transmission electron microscopy micrographs. (D) Double
immunohistochemistry anti-collagenlV (green) and anti-occludin (red). Nuclei counterstain: ToPro3. 1:
Vascular lumen; 2: Endothelial cell; 3: Smooth muscle cell; WP: Weibel-Palade body; Ca: Caveolae; Tj:

Tight junction. Scale bars: A =4.34 um; B =2.05 um; C = 174.54 nm; D = 10.06 pm.

sialoconjugates and proteoglycans: the glycocalix (Simionescu and Simionescu,
1986). Cells forming endothelium are oriented along the longitudinal axis of the

vessel, as a response to hemodynamic shear stress (Wise, 1971; Aird, 2007).
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Under transmission electron microscopy endothelial cells show irregularly
contoured nuclei, with the chromatin mainly found as a slight concentration
along the nuclear membrane; a nucleolus may also be prominent. Endoplasmic
reticulum, free dense particles and relatively few small mitochondria are found
scattered occupying the cytoplasm (Fig. 7B). Golgi apparatus appears near the

nucleus (Ishikawa, 1963; Wise et al, 1971).

Tubular and vesicular components, mainly caveolae and Weibel-Palade
bodies, are also found scattered throughout the cytoplasm (Fig. 7C). Caveolae
are 70 nm membrane-bound, flask-shaped vesicles that usually open to luminal
and abluminal sides of endothelial cells, but are also found free in the cytoplasm
(Fig 7C). Caveolae system is related to transcytosis as well as to signalling
integration (Anderson, 1998). Weibel-palade bodies, are highly organised cigar-
shaped membrane-bound storage vesicles (Fig. 7C) (Weibel and Palade,
1964). These structures comprise a columnar rod delimited by a membrane that
contains 4nm-thick tubules. Weibel-Palade bodies are a unique type of
endothelial-cell specific inclusion, and the site of von Willebrand factor

localization (Thorin and Shreeve, 1998).

However, endothelium displays a marked structural heterogeneity. In this
way, endothelial cells of arteriolar straight segments are aligned with the blood
flow but not at branch points, since shear stress triggers a structural
remodelling. In the same way, these cells are elongated and spindle shaped in
arterioles; irregularly shaped in capillaries; large and elliptical in post-capillary

venules; and rounded in collecting venules (Aird, 2007).
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More specifically, retinal endothelial cells display distinctive
morphological features. In this way, retinal endothelial cells show tight junctional
complexes along the opposing surfaces of adjacent cells (Fig 7D). Tight
junctions are polymeric adhesion complexes with a transmembrane complex
mainly formed of occluidn, claudins and junction adhesion molecules. This
complex is linked to a cytoplasmic plaque containing zonula occludin protein
and cingulin. Moreover, Weibel-Palade bodies are rarely found in brain
(Miyagami and Katayana, 2005) and retinal capillaries (Frank et al., 1990). In
addition, a highly developed caveolae system is recognizable in retinal
endothelial cells (Wise, 1971), although other barriers, as blood-brain barrier,

are associated with a low number of caveolae (Aird, 2007).

3.2.1.2. Endothelial cell function:

Endothelium has been considered a relatively inert cellular barrier until
the late 1960s (Thorin and Shreeve, 1998). However, the development of the
field has demonstrated that endothelial cells perform many functions. Thereby,
endothelium participates in the regulation of vasomotor tone, regulates
permeability and vascular structure, controls blood fluidity, and mediates both
inflammatory and immunologic responses (Thorin and Shreeve, 1998; Aird,
2007). The synthesis of basement membrane components is also accomplished

by endothelial cells (Félétou, 2011).
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Most of endothelial functions are performed in a vascular bed and vessel
type dependent manner (Aird, 2007). In this way, arteriolar endothelium is
primarily responsible of vascular tone regulation while endothelial cells from
post-capillary venules regulate leukocyte trafficking (Aird, 2006). Differences in
basal permeability among the different vascular beds have also been reported,
mainly due to differences in junctional properties and differential activity of
transcytotic machinery. Optimal retinal function requires a thightly regulated
environment, which is ascertained by the separation of functional compartments
provided by blood-retinal barrier (Pournaras et al., 1998). Retinal endothelium is
considered one main component of blood-retinal barrier mainly due to its

elaborate network of tight junctions (Pournaras et al., 1998).

Hemostasis represents a finely tuned balance between procoagulant and
anticoagulant forces to maintain blood in a fluid state while preventing blood
loss from the closed circulation system (Aird, 2007). On the coagulant side,
endothelial cells synthesize plasminogen activator inhibitor and von Willebrand
factor, among others. On the anticoagulant side, endothelial cells express
different factors, including nitric oxide, prostacyclin and heparan (Aird, 2007).
Importantly, these endothelial-derived pro-coagulant and anti-coagulant

molecules are unevenly expressed in the vasculature.
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3.2.2. Smooth muscle cells:

Vascular smooth muscle cells constitute the myogenic component of
blood vessels (Hathaway et al., 1991). The majority of vascular smooth muscle
cells are of mesodermal origin. However, it is still under discussion which
embryonic cell populations are capable to follow the differentiation pathway of

smooth muscle cells. (Hungerford et al., 1996; Lee et al., 1997)

Figure 8: Vascular smooth muscle cells. (A) F-actin is stained with Phalloidin (red). (B) a-smooth
muscle actin (red) evidenced by immunohistochemistry. (A) and (B) images have been acquired with from
whole mount retinas with a confocal microscope. (C) Transmission electron micrograph. Nuclei
counterstain: ToPro3. 1: Smooth muscle cell; 2: Endothelial cell; 3: Mdller cell; 4: Astrocyte; Ca: Caveolae;

Mi: mitochondria. Scale Bars: A =7.69 um; B = 8.51 um; C = 0.55 um.
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3.2.2.1. Vascular smooth muscle cell morphology

Vascular smooth muscle cells display a spindle-shaped morphology
which arrangement and size varies considerably in blood vessels. In retinal
arterioles, smooth muscle cells appear forming a monolayer of circularly

oriented cells (Fig. 8A and B).

The structure of retinal vascular smooth muscle cells is similar to that of
muscular arteries elsewhere (Ishikawa, 1963). Ultrastructurally, the nucleus
appears flat and elongated. Close to nuclear poles, there is an accumulation of
mitochondria, Golgi apparatus and sarcoplasmic reticulum (Fig. 8C). Vesicles
and caveolae are found along cell membranes in both sides of muscle cells
(Fig.8C). Smooth muscle cells are also characterized by displaying a high
cytoplasmic volume fraction of myofilaments, including thick filaments, actin

filaments (Fig. 8A and B) and intermediate filaments.

However, smooth muscle cells are able to change its phenotype in
response to local environmental signals (Owens et al.,, 2004). This vascular
smooth muscle cell heterogeneity is mainly achieved by changes in the

expression of cytoskeletal and contractile proteins (Worth et al., 2001).
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3.2.2.1. Vascular smooth muscle cell function

Vascular smooth muscle cells are highly specialized cells whose principal
function is contraction and thus, to regulate blood vessel tone, blood pressure
and blood flow distribution (Owens et al., 2004). To serve this function, these
cells express a unique repertoire of contractile proteins, mainly actin and
myosin, together with several ion channels, and signalling molecules.
Contractility of smooth muscle cells is highly dependent on free intracellular
calcium (Nabika et al., 1985). In fact, membrane voltage changes and many
vasoactive substances lead to smooth muscle contraction trough calcium
mobilization from both intra- and extra-cellular calcium stores (Nabika et al.,
1985; Puro, 2012; Kur et al.,, 2012). Then, the increased cytosolic calcium
activates calcium-calmodulin-dependent myosin light chain kinase, which
initiates the cascade of phosphorylations resulting in smooth muscle contraction

(Nabika et al., 1985).

Smooth muscle cells are able to switch this highly specialized contractile
phenotype to a more undifferentiated synthetic phenotype (Worth et al., 2001;
Owens et al., 2004). These synthetic smooth muscle cells exhibit an increased
capacity to synthesize large amounts of extracellular matrix, to participate in
vascular repair, as well as to migrate and proliferate in response to growth
factors and cytokines (Worth et al., 2001). At the same time, synthetic smooth
muscle cells lose their ability to contract as a result of a decreased expression

of contractile proteins (Worth et al., 2001).
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3.2.3. Pericytes:

First described by Rouget (1873), pericytes constitute a contractile cell
population embedded in the basement membrane and surrounding endothelial
cells. Pericytes have been suggested to originate from mesenchymal cells that
condense on the endothelial tube. However, tissue-dependent different
developmental origins have been reported, including neural crest and

mesothelium (Armulik et al., 2011).

Different types of pericytes have been distinguished according to
morphology and location (Nehls and Drenckhahn, 1991). Due to its
heterogeneity, these cells are usually defined using a mixture of location,
morphological and protein expression pattern criteria (Armulik et al., 2011).
Pericyte density varies between organs and vascular beds (Rucker et al., 2000),
being the central nervous system and, more specifically, the retinal
microcirculation the most pericyte-covered vasculature (Armulik et al., 2011;

Lopes, 2012).
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Figure 9: Pericytes. (A) Detection of EGFP in a capillary of a p-actin EGFP mouse. (B)
Immunohistochemistry against collagen [V (green). Nuclei counterstain: ToPro3. (C) Double
immunohistochemistry against collagen IV (red) and NG2 (green). (A), (B) and (C) micrographs have been
performed in whole mount retinas with a confocal microscope. (D) Transmission electron micrograph. 1:
Pericyte; 2: Endothelial cell; 3: vascular lumen. Scale bars: A=3.2um; B=3.2um; C=531um; D =1.4

um.

3.2.3.1. Pericyte morphology

As detailed above, pericytes display different morphological features in a
location-dependent manner: in capillaries, pericytes have a nearly rounded cell
body that gives rise to few primary cytoplasmic processes (Fig 9A, B and C).
These primary processes extend along the abluminal surface of the
endothelium in the length of the capillary (Fig. 9C). Primary processes give rise
to thin secondary processes that extend perpendicularly to the vessel axis.
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Thus, these secondary processes partially encircle the vessel. On post-capillary
venules, by contrast, pericyte body flattens and extends many slender,

branching processes.

Under transmission electron microscopy, pericytes appear enveloped by
a basement membrane which is continous with endothelial basement
membrane (Fig. 9). Pericytes show a discoid nucleus surrounded by a small
amount of cytoplasm containing mitochondria and protein-producing organelles.
Cytoplasmic processes contain different cytoskeletal filaments: microtubules are
found in both primary and secondary processes. Intermediate filaments are
mostly concentrated in primary proceses. Contractile filaments, including actin,
myosin and tropomyosin, are concentrated forming dense bands close to the
plasma membrane of luminal side. A number of caveolae can also be found in

the cytoplasm, being more frequent on abluminal surface.

3.2.3.1. Pericyte function:

Pericytes serve many functional roles. The most supported functional
property of pericytes is its ability to contract or dilate. Indeed, pericytes express
a variety of both contractile proteins and receptors for vasoactive substances,
enabling them to regulate blood flow. Thus, pericytes represent the myogenic
mechanism for blood flow regulation at capillary level (Pfister et al., 2008;

Pournaras et al., 2008).
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Pericytes are also related to the regulation of endothelial proliferation and
vascular development (Rucker et al., 2000). In this regard, pericytes are known
to inhibit endothelial proliferation and thereby stabilize developing microvessels
(Goupille et al., 2008). However, pericytes have also been shown to provide
growth factors, such as VEGF, that promote proliferation of endothelia. Thus,
pericytes are also involved in the process of angiogenesis and

neovascularization (Rucker et al., 2000).

In adition, pericytes regulate vascular permeability (Pournaras et al.,
2008; Armulik et al., 2011). In this regard, pericytes present a high number of
caveolae, which are involved in transcellular transport. Moreover, these cells
participate in permeability properties by secretion of matrix components
(Pournaras et al.,, 2008). In fact, these cells play a critical role in the
development and maintenance of both blood-brain and blood-retinal barriers
(Herman and D’Amore, 1985; Nehls and Drenckhahn, 1991; Krueger and

Bechman, 2010).

3.2.4. Basement membrane

Basement membrane forms a connective sheath around endothelial
cells, pericytes and smooth muscle cells. In fact, these vascular cells synthesize
and secrete the main constituents of basement membrane. Three layers can be
distinguished in blood vessel basement membrane: lamina lucida, lamina densa
and pars fibroreticularis. The lamina lucida, the inner and translucent layer,
corresponds to the endothelial glycocalix. The lamina densa is the thickest
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dense medial zone. This layer is mainly formed by type IV collagen as well as
other glycoproteins, such as laminin (Timpl et al., 1983), fibronectin (Vaheri and
Mosher, 1978), nidogen (Timpl et al., 1983) and heparan sulphate proteoglycan
(Perlecan) (Hassell et al., 1985). Finally, the pars fibroreticularis makes up the

transition between lamina densa and the underlying connective tissue.

Basement membrane has several functions. The most obvious function is
that of support, acting as framework for vascular cells, as well as anchoring the
blood vessel to the surrounding tissue. At the same time, basement membrane
regulates endothelial cell proliferation and migration (Knott and Forrester, 2003)
and act as an important selective barrier, regulating the pass of blood-borne

molecules to retinal parenchyma (Pournaras et al., 2008).

3.2.5. Arteriolar annuli

Side-arm branching sites in retinal arterioles form singular structures
constraining the vascular lumen, the arteriolar annuli. Although well-known by
researchers working in retinal vasculature, both structure and function of
arteriolar annuli remain to be elucidated. Moreover, the existence of these
arteriolar structures has been poorly documented in recent years. Thus, the lack
of modern technology has prevented rigorous morphological and functional

studies.

Kuwabara and Cogan (1960) were first to describe arteriolar annuli in

the retinal arterioles of cat and rat. However, the existence of specific structural
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features in arteriolar branches had been previously reported. To note,
Thuranszky (1957) published pictures of luminal constrictions at arteriolar
branch points of cat retina and Loewenstein (1947) reported the presence of
cell clusters occurring at retinal branching sites, what he called cushion cells. In
accordance with Loewenstein studies (1947), arteriolar annuli have also been

named intra-arterial cushions.

During the next decades, arteriolar annuli had been observed in the
retinal vasculature of several species, including dog, monkey, pig (Henkind and
De Oliveira, 1968), mice (lkebe et al., 2001) and man (Lee, 1976; Ma, 1994). In
addition, the presence of similar structures has been reported in arterioles of
many different vascular beds, such as kidney, uterus, heart and brain (Moffat
and Creasey, 1971; Kojimara and Ooneda, 1980; Casellas et al., 1982; Heidger

et al., 1983; Whelan et al., 1996).

3.2.5.1. Structure of arteriolar annuli

The first evidence of the presence of arteriolar annuli is reported in PAS
stained trypsin digested retinas (Kuwabara and Cogan, 1960). Here, annuli
appeared as an increase in PAS-positive material in the side-arm branches of
the main arterioles. According to these studies, arteriolar annuli are not

associated with increased cellularity.
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Figure 10: Structure of arteriolar annuli. Schematic draw from Henkind and De Oliveira (1968)

representing the hypothetical structure of arteriolar annuli.

In 1968, Henkind and De Oliveira, analyzed the structure of arteriolar
annuli using different techniques. According to these authors, arteriolar annuli
adopt a conical appearance with the base lying within the wall of the larger
vessel and small lip-like protrusions extending up the wall of the collateral
arteriole (Fig.10). Related to the presence of arteriolar annuli they observe an
increase in cell number (Fig. 10), which may correspond to the previously
described cushion cells (Loewenstein, 1947). However, they conclude that this

structure is mainly composed of basement membrane.

Arteriolar annuli have also been proposed to be composed of muscle
tissue, adopting the structure of a sphincter. However, no clear evidence of a
true sphincter structure at such level has been reported (Pannarale et al.,

1996).
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The use of vascular corrosion casts to analyze retinal vasculature
evidenced the occurrence of oval depressions around the origin of arterioles
(Pannarale et al., 1996; Ninomiya et al., 1999; Ninomiya et al., 2001). These
reductions in vascular lumen have been related to the presence of arteriolar

annuli.

3.2.5.1. Function of arteriolar annuli

It has been suggested that arteriolar annuli may regulate retinal blood
flow by exerting a sphincter-like activity (Kuwabara and Cogan, 1960;
Pannarale et al., 1996; Ninomiya and Inomata., 2005). This hypothesis is
supported by previous studies demonstrating constrictions at arteriolar branch
points (Thuranzsky, 1957; Friedman et al., 1964). Moreover, several in vivo
studies of retinal vasculature have evidenced intermittencies in the blood flow of

retinal capillaries (Friedman et al., 1964; Keith et al., 1967).

However, there is no general agreement about the function of arteriolar
annuli. In this regard, Henkind and De Oliveira (1968) proposed that arteriolar
annuli serve a structural function by ensuring the luminal opening and by
preventing excessive dilations due to pressure alterations. A role of intra-arterial
cushions in cell skimming has also been suggested. Since these structures
project into the axial stream, they may favour the pass of blood cells into the

branch (Fourman and Moffat, 1961).
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3.3. Regulation of retinal blood flow

The rate of blood flow through most tissues is controlled in response to
tissue metabolic needs. In turn, the regulation of the heart and circulation
ensures the necessary cardiac output and arterial pressure to provide the
needed blood flow to the tissue (Guyton and Hall, 2006). Blood flow control can
be divided into two phases: acute control, achieved by local changes in
arteriolar tone; and long-term control, resulting from kidney regulation of body
fluids as well as from changes in number and size of blood vessels supplying

the tissues (Guyton and Hall, 2006).

Acute blood flow regulation is achieved by three mechanisms: local
control of blood flow, humoral regulation of the circulation, and nervous control
of the circulation. Local control of blood flow, also called autoregulation,
consists in the ability of each tissue to regulate its own blood flow in response to
changes in perfusion pressure and/or metabolic rate. Humoral regulation of the
circulation means control by substances secreted or absorved into the body
fluids, including hormones and neurotransmitters such as norepinephrine,
angiotensin Il and vasopressin. Finally, autonomic nervous system regulates
the circulation, mainly through the innervation of blood vessels by the

sympathetic nervous system.

The retina has the highest metabolic demand in the body, together with
conflicting requirements of sufficient blood supply and minimal interference with
the light path (Kur et al., 2012). Thus, the ability to regulate blood flow is an

essential feature of mammalian retina. In addition, the retina must maintain its
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blood flow in spite of metabolic demands of non-retinal tissues (Puro, 2012).
This functional independence is achieved by the retinal isolation from the effect
of hormones (Laties, 1967; Delaey and van de Voorde, 2000) and the lack of
sympathetic innervation in retinal vasculature (Laties, 1967; Funk, 1997). Thus,
retinal flow regulation is only achieved through modifications in vascular

resistance due to local autoregulatory mechanisms (Pournaras et al., 2008).

Recent functional studies suggest that mechanisms to regulate retinal
blood flow are mainly controlled by arterioles, while capillaries contribute little to
them (Lopes, 2012; Kur et al., 2012). However, whether arterioles or capillaries
regulate blood flow remains to be elucidated. In fact, Puro (2012) has proposed
a close functional relationship between capillaries and arterioles: the capillary
network generates voltages that are transmitted to the arteriole via gap junction.
There, voltage dependent calcium channels convert voltage signals into
changes in intracellular calcium and, thereby, in mural cell contractility, lumen
diameter and blood flow. Pre-capillary sphincters have also been proposed to
play a role in blood flow regulation. However the presence of such structure in

retinal vasculature remains controversial (Lopes, 2012).

3.3.1. Pressure regulation

Retinal blood flow remains largely unchanged until the mean ocular
perfusion pressure is elevated by a 34-60% above baseline (Riva, 1981;
Pournaras et al., 2008). This indicates the existence of compensatory
mechanisms buffering most of the increase in blood pressure. These
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mechanisms involve myogenic and metabolic components. An increase in
transmural pressure elicits a myogenic response. This response is mainly
related to smooth muscle cells, which transform the stretch into contraction
through voltage-gated calcium channels (Pournaras et al., 2008; Puro, 2012;
Kur et al., 2012). In addition, endothelial glycocalix act as a mechanotransducer
triggering the release of endothelium-derived factors involved in the regulation
of the arterial tone (Pournaras et al., 2008). Changes in the concentration of
lactate, due to a decrease in perfusion pressure, also induce autoregulatory

vasodilatation.

3.3.2 Metabolic regulation: functional hyperemia

In the retina, as happens in central nervous system, neuronal activity
evokes changes in blood flow. This phenomenon, designated functional
hyperemia, involves a coordinated interaction of neurones, glia and vascular
cells (Metea and Newman, 2007; Kur et al., 2012). Due to the close relationship
established between these cells, they are collectively called the neurovascular
unit (Metea and Newman, 2007). However, mechanisms underlying functional
hyperemia are still not fully understood, and metabolic feedback mechanisms
have also been proposed (reviewed in Pournaras et al., 2008). The metabolic
mechanism proposes that increased neuronal activity lowers O2 and glucose
and produce vasoactive metabolites. These metabolites would cause

vasodilation, and thus restore O, and glucose levels.
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According to both mechanisms, increases in neuronal activity triggers the

release of vasoactive substances by neurones, glial and/or endothelial cells.

The main vasoactive molecules involved in retinal blood flow regulation are:

Nitric Oxide (NO): is the main vasodilator agent in the organism. NO
IS a non-polar gas freely diffusible across membranes that is
synthesized by the enzyme nitric oxide synthase (NOS) (Palmer et
al., 1987; Ignarro, 1990; Venturini et al., 1991). There are three
isoforms of this enzyme: neuronal NOS (NOS-1), which is present in
ganglion, amacrine, horizontal, photoreceptors and glial cells; NOS-2,
that generates large amounts of NO as a response to inflammatory
and immunological stimuli; and endothelial NOS (NOS-3), mainly
expressed by endothelial cells and pericytes. NO contributes to the
regulation of retinal blood flow by reducing k+ conductance in smooth
muscle cells and by modulating glial-to-vessel signalling (Kur et al.,
2012).

Arachidonic acid metabolites: metabolites from arachidonic acid
regulate vessel tone through a complex mechanism involving both
vasoconstriction and vasodilation. The release of vasodilating
prostaglandins, such as PGIl, and PGE,, represents a possible
mechanism to maintain the basal retinal arterial tone (Pournaras et
al., 2008). Arachidonic acid metabolites are also related to glial blood

flow regulation: synthesis of epoxyeicosatrienoic acid by glial cells
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causes vasodilation, whereas glial-evoked vasoconstriction is
mediated by 20-hydroxy-eicosatetraenoic acid (20-HETE) (Kur et al.,
2012)

Endothelins (ETs): there are three isoforms: ET-1, ET-2 and ET-3
(Inoue et al., 1989). Et-1, the most potent vasoconstrictor agent, is
expressed by endothelial cells, neurons and astrocytes (Ripodas et
al., 2001). In adition, two types of ET receptors have been described:
ETa and ETg. ETa receptor, expressed in pericytes and smooth
muscle cells, shows high affinity to ET-1. The complex ET-1/ETa is
highly related to the hemodynamic response during hyperoxia (Takagi
et al., 1996). ETg receptor is expressed by pericytes and endothelial
cells. There are two subtypes: ETg; and ETg,. ETg; is expressed in
endothelial cells and induces vasorelaxation through the release of
NO (Hirata et al., 1993; D'Orleans-Juste et al., 1994). By contrast,
ETs, binds ET-3 and mediates vasoconstriction (Sokolovsky et al.,
1992).

Lactate: in the retina, about the 90% of glucose is converted to
lactate, indicating that retinal cells produce this metabolite rather than
utilize it (Pournaras et al., 2008). Lactate has dual vasoactive
capability, providing a mechanism to match metabolic needs:
mediated by endothelium, lactate induces vasoconstriction in
conditions of high energy supply. By contrast, under hypoxia, lactate

causes relaxation of blood vessels.
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e Potassium: Glial cells are able to capture potassium released by
active neurons. This potassium influx is followed by an efflux at their
distant endfeet, which are ensheating blood vessels. Modest
increases in potassium levels cause vasodilation. Thus, this
mechanism, called potassium siphoning, has been related to
neurovascular coupling. In the retina, light stimulation triggers a rise
in extracellular potassium coinciding with increased blood flow (Kur et
al., 2012). However, studies of potassium siphoning in the retina,
were Miller cells are highly permeable to potassium (Metea and
Newman, 2007), have evidenced little effect of this mechanism in

blood flow regulation (Metea et al., 2007).

Retinal blood flow is also modulated by blood gases. In this regard,
hyperoxia induces vasoconstriction (Riva et al., 1986) and diminished blood
flow (Luksch et al., 2002). By contrast, hypoxia triggers the release of NO by
endothelial cells (Nagaoka et al., 2002) and the increase of retinal lactate

(Winkler, 1995; Pournaras et al., 2008) driving to vasodilation.

3.3.3. Abnormal regulation of blood flow and retinopathy

The regulation of retinal blood flow is altered during the evolution of a

number of eye disorders, including diabetic and hypertensive retinopathies.
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3.3.3.1. Diabetic retinopathy

Diabetic retinopathy, a specific microvascular complication of diabetes, is
the leading cause of blindness in working-aged people (Cheung et al., 2010).
Although neuroretinal cells are also affected, most of the clinical signs in
diabetic retinopathy are linked to disturbances in the vascular system. These
vascular degenerative lesions include thickening of capillary basement
membrane, smooth muscle cell and pericyte dropout, capillary occlusion and
formation of microaneurysms (Gardiner et al., 2007). Then, vascular alterations

drive to a retinal ischemia that, in turn, triggers neovascularization.

Several studies have demonstrated that vascular wall damage together
with the altered blood rheological properties, may affect the ability of the retina
to regulate its blood flow during diabetes (Reviewed in Pournaras et al. 2008).
Importantly, the reduction in the regulatory response is observed before the
appearance of overt clinical retinopathy (Kur et al., 2012). These retinal
circulatory modifications include changes in basal blood flow and a reduction in
the autoregulatory responses. Changes in the basal blood flow are
characterized by a hypoperfusion during early diabetic retinopathy. As
retinopathy progresses a switch to hyperperfusion occurs. In addition, a
reduction in light evoked response has been reported. Thus, indicating a
reduction in the functional hyperemia. The ability to respond to changes in blood

gases is also impaired in diabetic retinas.
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3.3.3.2. Hypertensive retinopathy

The 3-4% of adult individuals aged over 40 years show signs of
hypertensive retinopathy (Wong et al., 2005). Thus, hypertensive retinopathy is
the second most common type of retinopathy (Meyer-RUsenberg, 2006). As
diabetic retinopathy, hypertensive retinopathy is characterized by vascular
alterations. Depending on vascular signs, hypertensive retinopathy is classified

as (Wong et al., 2005):

- Grade 1: mild generalized arteriolar narrowing.

- Grade 2: severe generalized narrowing, local areas of arteriolar
narrowing and arteriovenous nicking.

- Grade 3: lesions of previous grades plus retinal haemorrhages,
mycronaurisms, hard exudates and cotton-wool spots.

- Grade 4: signs of preceding grades plus optic disk swelling and
macular oedema. This grade is also known as malignant or

accelerated hypertensive retinopathy.

Retinal autoregulation is effective over a wide range of systemic arterial
pressures, but at the extremes fails. The first event as the pressure rises is a
general constriction of retinal arterioles. However, due to focal lesions in
vasculature, autoregulation fails and arterioles dilate. As arterioles dilate, the
tension increases in the vessel wall of distal arterioles. Finally, microvessels
become damaged when exposed to the full force of hypertension (Garner,
1975).
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B.INTERSTITIAL CAJAL CELLS

Multipolar cells with processes were first described in 1892 by Ramon y
Cajal as a subset of nerve-like cells in the intestinal wall. A century later,
Thuneberg (1982) named these cells interstitial cells of Cajal and proposed a
key role of these cells in gastrointestinal motility. In the last years, the interest in
ICCs has increased tremendously: according to the medline database, about
300 new papers from 2000 to 2004, in comparison with the 500 that had been
published before 2000. However, there are still controversies concerning their

location in organs, embryologic origin and possible functions.

In the gut, ICCs form a network, the accessory plexus, that runs whithin
the muscle layers together with nerve processes coming from the Auerbach

plexus (Fig 11).

1. Identification of interstitial Cajal cells

ICCs display different morphology depending on their location in different
tissue layers and different portions of the gastrointestinal tract. In addition, ICCs

also show different morphological features in different organs and species. This
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Figure 11: Localization of ICCs in the small intestine. ICCs form networks located within the muscularis
externa, in close apposition with smooth muscle cells and neurons of the myenteric plexus. Schematic
draw adapted from Ordog (2012).

fact results in a variety of cells which difficult their proper identification. In the
view of these problems, an algorithm of morphological, ultrastructural and
immunohistochemical criteria for ICCs identification has been proposed

(Huizinga et al., 1997; Faussone-Pellegrini et al., 1999; Popescu et al., 2005):

e Light transmission criteria: ICCs are characterized by a multiopolar
and elongated irregular body shape as well as by the presence of two
or more long, thin cytoplasmic processes (Huizinga and Faussone-
Pellegrini, 2005).

e Ultrastructural criteria: ICCs show multilobular nuclei. The cytoplasm

of ICCs contains numerous, large and often elongated mitochondria,
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bundles of intermediate filaments and well-developed smooth
endoplasmic reticulum. A number of caveolae can also be identified in
the membrane of these cells. ICCs are also characterized by
establishing close appositions or gap junctional complexes with
smooth muscle cells, as well as contacts with nerve bundles. ICCs
present a basal lamina, although it is often discontinuous (Pucovsky
et al., 2003; Huizinga and Faussone-Pellegrini, 2005; Popescu et al.,
2005).

Immunohistochemical criteria: the presence of c-kit positive cells is
considered the main indication of the presence of ICCs in certain
location. However, c-kit positivity is not an essential criterion since it
has been demonstrated that many ICCs do not express this protein.
Thus, many other markers have been reported (Gomez-Pinilla et al.,

2009).

2. Roles of interstitial Cajal cells

ICCs have been reported to serve three main functions in the

gastrointestinal tract: (1) to pace slow waves and regulate slow wave

propagation. (2) To mediate enteric neural signal to the smooth muscle cells. (3)

To act as mechanosensors (Yin and Chen, 2008).

(1) Pacemaker activity: this is the most accepted and understood function

of ICCs in the gastrointestinal tract (Popescu et al.,, 2005). ICCs generate a

periodic depolarization called slow wave. The generation of the slow wave
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involves rhythmic oscillations of intracellular calcium and the activation of
several membrane channels, including non-selective cation channels, calcium-
activated chloride channels and sodium channels. These rhythmic
depolarizations propagate into the intestinal muscle layers resulting in periods
of low and high excitability of the smooth muscle cells at the pacemaker

frequency (Huang et al., 2009; Huizinga et al., 2009).

(2) Neuromodulation: Excitation and inhibition of gastrointestinal muscle
are achieved via the cholinergic and nitrergic inputs from neural enteric system
(Yin and Chen, 2008). Since ICCs establish close synaptic-like contacts with
enteric neurons and make gap-junctional connections with neighbouring smooth

muscle cells, it has been proposed a key role of ICCs mediating neural inputs.

(3) Mechanosensor activity: Location of ICCs allows these cells to
monitor the contractile state of the gut musculature and to transmit this to the
enteric nervous system (Huizinga et al., 2009). Moreover, it has been reported
that mechanical distortion of ICCs increases pacemaker frequency of ICCs

through the activation of sodium channels (Strege et al., 2003).

3. Interstitial Cajal cells in the vasculature

The location of ICCs has been restricted to the gastrointestinal tract for
many years. However, several authors have recently reported the presence of
these cells in many different organs outside the digestive tract (Pezzone et al.,

2003; Gherghiceanu et al., 2005; Popescu et al., 2005 and 2007; Hinescu et al.,
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2005, 2007 and 2008; Sergeant et al., 2006; Suciu et al., 2007 and 2009),
mostly based on transmission electron microscopy studies (Ciontea et al.,
2005). In fact, it has been proposed that ICCs accompany smooth muscle cells

throughout the body (Pucovsky et al., 2003).

The presence of ICCs in the blood vessel wall has been under discussion
since 1953, when Meyling described a subset of cells in the vasculature which
called “autonomic interstitial cells”. Years later, Dahl and Nelson (1964) found
cells with irregular nuclei and multipolar processes in several arteries located in
the central nervous system. Recently, cells resembling ICCs have been
described in the wall of a number of blood vessels, such as rabbit portal vein
(Povstyan et al., 2003), guinea pig and rat mesenteric arteries (Pucovsky et al.,
2003; Formey et al., 2011), human aorta and carotid artery (Bovryshev et al.,
2005), rat middle cerebral artery (Harhun 2008) and human pulmonary veins

(Morel et al., 2008).

4. Role of interstitial Cajal cells in disease

Alterations in the number of ICCs and/or disruption of ICCs networks
have been related to almost every gastrointestinal motility disorder from the
oesophagus to the rectum (reviewed in Farrugia, 2008; Huizinga et al., 2009).
Such motor dysfunctions include pseudo-obstruction, irritable bowel syndrome,
slow transit constipation, Crohn’s disease and diabetic gastropathy among

others (Sanders et al., 2002; Soto Abadenas et al., 2008; Huizinga et al., 2009).
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Although it still unclear if ICC damage is primary or secondary to the
disease, resolution of motility disorders has been reported to result in

repopulation of ICC networks (Huizinga et al., 2009).

48



MATERIAL and METHODS




A. MATERIAL

1. MICE

CD1 (ICR) wild type mice, B-actin-EGFP transgenic mice (Green mouse),
nestin-GFP transgenic mice, BKS.Cg-m +/+ Lepr®™/J mutant mice (db/db mice)

and Kidney Androgen-regulated Protein (KAP) transgenic mice were used.

Animal facility center of the Center of Animal Biotechnology and Gene
Therapy (SER-CBATEG) supplied CD1 (ICR) wild type mice and B-actin-EGFP

transgenic mice.

In 1997, Okabe et al. reported the first green transgenic mouse strain.
These mice express enhanced green fluorescent protein (EGFP) under the
control of chicken B-actin promoter and the cytomegalovirus enhancer (CAG).
As a result, most of the tissues express very intense green fluorescence when
studied under 488 nm excitation light (Okabe et al., 1997). We exploited this
model to study B-actin expression in the different cell populations of the retinal

vasculature.

Nestin-GFP transgenic mice were yielded by Dr. Méndez-Ferrer, Junior
Group Leader in the CNIC (Madrid, Spain). In these mice, a cDNA of the
enhanced version of the GFP was placed between the promoter and the second

intron sequences of the nestin gene, thus matching the arrangement of the
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regulatory sequences in the nestin gene (Mignone et al., 2004). This animal
model allowed the analysis of the different cell populations expressing nestin in

mouse retina.

db/db mice were provided by Dr. Assumpcié Bosch, associate professor
of U.A.B. and group leader in research of strategies for gene therapy for
neuropathies in Center of Animal Biotechnology and Gene Therapy. Genetically
diabetic db/db mouse have a mutation in the leptin gene which results in
hyperglycemia, insulin resistance and hyperinsulinemia. Thus, these mice are
widely used as a model of insulin resistant type 2 diabetes (De Angelis et al.,
2008). To analyse retinal vascular alterations during type 2 diabetes,
homozygous db/db mice were used. Littermate Lean mice were used as control

animals.

Dr. Anna Meseguer, principal investigator in renal physiopathology group
of CIBBIM, yielded KAP transgenic mice used in this study. These mice show
an overexpression of kidney androgen-regulated protein driven by its own
promoter (pKAP2-KAP). Thus, maintaining KAP complex regulation in kidney to
produce an androgen-inducible overexpression of this protein in proximal tubule
cells. KAP transgenic mice show hypertension apparently caused by increased
oxidative stress and increased 20-HETE production (Tornavaca et al., 2009).
This model was used to study morphological alterations that appear in retinal

blood vessels during hypertension.
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Mice were fed ad libitum with a Standard diet (2018S TEKLAD Global,
Harlan Teklad, Madison, Wisconsin, USA) and maintained under conditions of
controlled temperature and light (12-hour light/dark cicles, lights on at 8:00

A.M.). Transgenic animals were identified by Southern Blot of tail genomic DNA.

Animals were euthanized by means of inhalational anesthetics
(Fluothane®, AstraZeneca Farmacéutica Spain S.A., Madrid). Animal care and
experimental procedures were approved by the ethics committee in animal and

human experimentation of the Autonomous University of Barcelona.

2. HUMAN EYES

Human eyes were supplied by Dr. Alfonso Rodriguez, professor of
Department of Morphological Sciences of the Medicine School in the

Autonomous University of Barcelona (U.A.B.).

Eyes were obtained from two different donors:

e Donor 1: 39 years old woman, death from cardiorespiratory arrest. 7

hours elapsed between death and fixation of the eye.

e Donor 2: 89 years old diabetic woman, death from cardiorespiratory

arrest. 5.5 hours elapsed from death to the fixation of the sample.
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3. INTRUMENTAL AND EQUIPMENT

Material used in this work belongs to the Anatomy and Embriology Unit of
Veterinary School, the Morphology Unit in the Centre of Animal Biotechnology
and Gene Therapy (CBATEG) and the UAB Microscopy Service. All of them

belong to the Universitat Autonoma de Barcelona.

Following equipment was used:

- Optical microscope with epiflourescence: Nikon Eclipse E-800 (Nikon

Corp., Tokyo, Japan).

- Stereoscopic microscopes:

o Nikon SMZ-800 (Nikon Corp.)

o0 Nikon SMZ-1000 (Nikon Corp.)

- Confocal laser microscopes:

0 Leica TCS-SP2 AOBS (Leica Microsystems GmbH, Heidelberg,

Germany).

0 Leica TCS-SP5 X confocal microscope (Leica Micorsystems

GmbH)

- Transmission electron microscope: Jeol 1400 (Jeol Ltd., Tokyo, Japan).
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- Scanning electron microscope: Hitachi S-570 (Hitachi Ltd.)

- Digital cameras:

o Nikon digital camera DXM 1200F (Nikon Corp.)

o Soft Imaging System CC-12 (Olympus Soft Imaging Solutions

Gmbh, Mlnster, Germany).

- General laboratory equipment:

o Centrifuge 5702R (Eppendorf, Hamburg, Germany).

o Shaker UNIMAX -1010, incubator INKUBATOR-1000 and vortex

REAX-top (Heidolph instruments, Schwabach, Germany).

0 Microtome Shandon Retraction AS325 (Rankin Biomedical

Corporation, Holly, MI).

0 Modular inclusion center AP280: cryo-console AP280-1 and
dispensing console AP280-2 (Especialidades médicas Myr SL,

Tarragona)

o pH meter PHM210 Standard (Radiometer analytical SAS,

Villeurbanne Cedex, France).

0 Ultramicrotome Leica EM UC6 (Leica Microsystems).
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B. METHODS

Studies of this thesis have been divided into three groups: Morfological

studies, functional studies and morfometrical studies.

1. MORFOLOGICAL STUDIES

Within morphological studies, different techniques are pooled:
inmunohistochemical and cytochemical techniques performed on paraffin
embedded and on in toto retinas, transmission electron microscopy analysis of
retinas, scan electron microscopy of retinal vascular casts, optical microscopy

analysis of digested retinas and angiographies.

1.1. INITIAL PROCESSING

Samples analysed were processed on a different way depending on

whether samples were obtained from a mouse or a human donor.
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1.1.1. Mouse samples:

Different protocols were used according to the technique needed to
analyse the sample: paraffin embedding, in toto analysis or transmission

electron microscopy studies.

1.1.1.1. Paraffin embedding

Samples followed the next process:

1. Fixation: enucleated eyeballs from euthanized mice were fixed for 24
hours at room temperature in a 10% formalin solution: neutral buffer

formalin (NBF)™.

2. Washes: fixative solution was removed by 4 washes in phosphate buffer
solution (PBS)?, every wash lasting 15-20 minutes. During rinses
samples were maintained under constant agitation in a shaker system

(UNIMAX-1010).

INBF: 100 ml of 37% paraformaldhyde in 900 ml of distilled water + 4 g NaH2PO4-H,0 + 6.5 g NaH2PO,,

’PBS: 1.5 g Na2HPO4-2H20 + 0.28 g NaH2P0O4:-H20 + 8.1 g NaCl + 900 ml distilled water.
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3. Dehydration: samples were dehydrated through a series of graded

ethanol baths to displace the water:

e 70% ethanol, two changes, 1 hour each.

e 80% ethanol, two changes, 1 hour each.

e 95% ethanol, two changes, 1 hour each.

e 100% ethanol, two changes, 1 hour each.

Finally, samples were transparented in xylene for one hour.

4. Paraffin embedding: to achieve a correct paraffin infiltration within the
tissue, samples were placed in a paraffin bath for 24 hours at 57°C.
Paraffin wax was changed once during this period. Then, samples were

embedded into paraffin blocks.

5. Sectioning: samples were sectioned using a microtome. 3 to 4 um thick
sagittal sections of the eye were made. Sections were mounted in glass
slides previously covered with silane (Sigma-Aldrich, St. Louise,

Missouri, USA).
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1.1.1.2. Whole mount mouse samples

Mouse retinas intended to be studied in toto were processed as follows:

1. Extraction of retinas: retinas were dissected in cold PBS on a dissection
plate with a latex pad. Eyeballs were anchored to the latex pad by two
insect pins: one of them fixed in the cornea and the other one in the
posterior pole of the eyeball. An incision was made along the scleral
groove to get access to the anterior chamber of the eye. Then, two cuts
in the iris permitted an enlargement of the aperture of the pupil to extract
lens through it. Once in the vitreous, retina was separated from the
choroid and isolated by cutting the optic nerve. Usually, retinal pigment

epithelium remained adhered to the choroid.

2. Retinas were then flattened and fixed with 10% NBF for 2 hours at room

temperature.

3. Washes: retinas were rinsed 5 times, each of 10 minutes, in phosphate

buffer igepal (PBI)3 to remove the fixative solution.

*PBI: 1000 ul lgepal + 1000 ml PBS
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1.1.1.3. Transmission electron microscopy

Mice were treated with an intraperitoneal injection of 10 units of 5%
heparin (Hospira Productos Farmacéuticos y Hospitalarios S.L., Alcobendas,
Madrid). Ten minutes later, animals were euthanized and chest cavity was
opened. Mice were perfused through an intraaortic catheter with 1 ml. of freshly
prepared PBS and 1 ml. of a fixative solution made of 2,5% glutaraldehye and
2% paraformaldehyde in miliQ water. Then, eyes were enucleated and retinas
dissected as in the in toto initial processing. Retinal areas of 1mm? were cut to
be processed according to the next protocol (all protocol was performed at 4°C

and under constant agitation):

1. Fixation:

e Samples were fixed in a solution containing 2,5%

glutaraldehyde and 2% paraformaldehyde for 2 hours.

e Retinal pieces were rinsed in PBI and post-fixed for 2 hours
with 1% osmium tetraoxide. Then, samples were washed in

distilled water.

2. Dehydration and infiltration: retinal pieces were immersed in a series of

increasing acetone solutions. Resin was also added gradually as follows:

e 70% acetone, over night
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e 80% acetone, 2 changes, 10 minutes each

e 90% acetone, 2 changes, 10 minutes each

e 96% acetone, 3 changes, 10 minutes each

e 100% acetone, 3 changes, 10 minutes each

e Acetone-Spurr resin 3:1, over night

e Acetone-Spurr resin 3:2, 5 hours

e Acetone-Spurr resin 1:1, over night

e Acetone-Spurr resin 2:3, 5 hours

e Acetone-Spurr resin 1:3, over night

e 100% Spurr resin for 2 days

3. Polymerization: Spurr resin blocks were performed. Then, semithin (1

um) and ultrathin (60-80 nm) sections were made.
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e Semithin sections were stained with 1% toluidine blue
(Panreac Quimica S.A., Barcelona, Spain). Semithin sections
were used to choose regions of the sample to be ultrathin

sectioned.

e Ultrathin sections were contrasted with lead citrate* and 2%
aqueous uranyl acetate. Analysis was performed with electron

transmission microscopy Jeol 1400 (Jeol Ltd., Tokyo, Japan).

1.1.2. Human samples

Eyes from human donors were processed as described below:

1. Fixation: enucleated eyes were quickly immersed on a fixative solution

(4% paraformaldehyde and picric acid® in PBS) for 24 hours at 4°C.

2. Washes: Fixative was removed by 4 rinses in PBS at 4°C during 1-2

days.

“Lead citrate: 1.33 g Pb(No3), + 1.76 g Naz(CsHs07)-2H,0 + 30 ml of boiled water. Mix the solution for 30

minutes and ad 8 ml NaOH 1N. Then, ad 12 ml of boiled water to the solution.

®Picric acid: 150 ml of picric acid saturated solution + 1000 ml PBS
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3. Partial dehydration: samples were partially dehydrated through a series
of gradient ethanol baths, from 30% to 70% ethanol. Samples were

stored for several weeks at 4°C in a 70% ethanol bath.

4. 3 mm? portions were cut from the retina and washed in 5 PBI baths

during one hour to remove ethanol.

1.2 RETINAL DIGESTION

To isolate mouse retinal blood vessels from the rest of retinal tissue,
trypsin/pepsin digestion technique was used. Some modifications were made to
the method described by Kuwabara and Cogan (Kuwabara and Cogan, 1960)
and Hammes et al. (Hammes et al., 1991). Tripsin and pepsin have low effect

on blood vessel basement membrane. Thus, vascular architecture is preserved.

After retinas were initially processed as described in a.2, they were

subject to the following protocol:

1. Retinas were digested for 15 minutes at 37°C with 5% pepsin/0.2%

HCl in PBS.

2. Then, retinas were subjected to a tripsin digestion (5% tripsin in PBS)

for 4 hours at 37°C.
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Digested retinas followed different protocols depending on which

methodology was needed to analyse the sample:

a. Optical microscopy observation:

Retinal blood vessels were stained with haematoxilin and periodic acid
schiff (PAS) stain to evidence carbohydrates (Presnell and Schreibman, 1997).

Next protocol was followed:

1. Samples were rinsed in running water for 5 minutes.

2. Incubation in 5% periodic acid for 10 minutes.

3. Wash in running water for 5 minutes.

4. Incubation in Schiff reactive (Merck, KGaA, Darmstadt, Germany)

over night at 4°C.

5. Samples were stained with Harris’ haematoxylin (Merck) for 5

minutes.

6. Rinse in running water for 5 minutes.

7. Dehydration: samples were dried for 10 minutes at 60°C.
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After this protocol, samples were mounted on a glass slide with
Entellan® (Merck) and protected with a coverslip. Images were taken with an

optical microscope with epiflourescence (Nikon Eclipse E-800).

b. Scan electron microscopy (SEM) analysis

1. Dehydration: isolated retinal blood vessels were immersed in a series of
ethanol baths, from 50% ethanol to 100% ethanol through 70, 80 and

90% ethanol baths.

2. Ethanol content of the sample was replaced by carbon dioxide following
the process of critical point drying. This process was carried out by

Microscopy Service of U.A.B.

Samples were mounted on SEM specimen mount stubs (Electron
Microscopy Sciences, Hatfield, Pennsylvania, USA). Then, samples were
sputter-coated with a layer of gold-palladium for 4 minutes. SEM images were
then recorded with a scanning electron microscope (Hitachi S-570, Hitachi Ltd.)

at a voltage of 20 kV.

63



1.3. IMMUNOHISTOCHEMISTRY

Immunohystochemistry is the process for detecting proteins within a
tissue by exploiting the ability of antibodies to bind specifically its antigen
(Presnell and Schreibman, 1997). The site of antigen-antibody binding is then
visualized with an appropriate chromogen marker labelled to a secondary

antibody directed against the primary antibody.

Often, to analyse structural relations between two proteins or to identify
two different cells or structures together, double immunohystochemistry
technique was used. In this way, two antibodies were used on the same

sample, revealing each of them with a different chromogen.

1.3.1. IMMUNOHISTOCHEMISTRY OVER IN TOTO RETINAS

In this study, most of the immunohystochemical studies were performed
over in toto retinas. Negative controls of the technique were always carried out
by omitting the primary antibody. Thus, allowing for differentiating specific
positive staining from nonspecific background staining on the specimens under

investigation.

The specification of the antibodies, as well as its reactivity and supplier

are summarized in table 1.

64



Antibody

Specificity

Commercial supplier

Rabbit anti-collagen IV

Goat anti-collagen IV

Mouse anti-Von Willebrand

factor

Rabbit anti-aSMA

Rabbit anti-Ckit

Rat anti-CD44

Rat anti-CD31

Rat anti-CD34

Rabbit anti-vimentin
Rabbit anti-desmin
Rabbit anti-connexin 43
Rabbit anti-Anol
Rabbit anti-GS
Rabbit anti-GFAP
Rabbit anti-occludin
Rabbit anti-laminin
Rabbit anti-fibronectin
Rabbit anti-NG2

Rabbit anti-PDGF R

Blood vessel basement membrane

Blood vessel basement membrane
Endothelial cells

Smooth muscle cells

Interstitial cajal cells, mesenchimal stem
cells

Adhesion molecules of hematopoietic
cells

Adhesion molecules of endothelial cells
Endothelial cells

Intermediate filaments of mesenchimal
cells

Intermediate filaments

GAP junctions

Calcium activated chloride channels
Muiller cells

Neuroglial cells

Tight junctions
Blood vessel basement membrane
Blood vessel basement membrane

Pericytes

Tyrosine kinase receptor

MILLIPORE

MILLIPORE
Dako Cytomation
Abcam

Abcam

Abcam

BD Pharmingen

Biolegend

Abcam

Sigma

ZYMED Laboratories
Inc.

Abcam
Sigma-Aldrich

Dako Cytomation

Zymed Laboratories
Inc.

Dako Cytomation
BD Pahrmingen
MILLIPORE

Abcam

Table 1: antibodies used to perform immunohistochemistry over in toto retinas, together with its

specificity and commercial supplier.

65



Retinas, both coming from mouse and human, were initially processed as
detailed in 1.1.1.2 and 1.1.2 respectively. Mouse retinas intended to be
analyzed by anti-Ano 1 and anti-CKit inmunohistochemistries were initially

processed as follows:

1. Once retinas were dissected and isolated as described in in toto mouse
retinas initial processing, they were flattened and fixed with 100% cold
acetone (Panreac Quimica S.L.U., Castellar del Vallés, Barcelona) for 15

minutes.

2. Washes: retinas were rinsed 5 times, each of them lasting 10 minutes, in

PBI to remove the fixative solution.

Once fixed and washed, samples followed the protocol described below.
All protocol, excepting those protocol steps performed at 4°C, were carried out

under constant agitation (UNIMAX-1010):

1. Permeabilization: to achieve a correct penetration of antibodies
within the tissue, retinas were permeabilized before incubation

of any antibody. To do so, next methodology was followed:

0 Retinas were immersed in a permeabilizing solution
made of 0,1% triton-X-100 (Sigma-Aldrich) in PBS.
Samples were maintained in this solution for 2 hours at

room temperature or over night at 4°C.
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0 Samples were then rinsed in PBI at room temperature. 3

changes of 10 minutes each of them were performed.

o Finally, two baths of 10 minutes in Wash Buffer® (WB)

were performed.

2. Incubation of primary antibodies: Antibodies used in this study

are summarized in table 2.

®WB: 1000 ml Igepal + 3 g bovine serum albumin (BSA) + 1000 ml PBS
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Antibody Dilution Incubation solution
Rabbit anti-collagen IV 1:200
Goat anti-collagen IV 1:20
Rabbit anti-Von Willebrand factor 1:50
Rabbit anti-aSMA 1:500
Rabbit anti-Ckit 1:50
Rat anti-CD44 1:100 WB +
Rat anti-CD34 1:50 10% Neutral Donkey Serum
Rabbit anti-vimentin Not diluted (NDS)
Rabbit anti-desmin 1:20
Rabbit anti-connexin 43 1:100
Rabbit anti-Anol 1:90
Rat anti-CD31 1:25
Rabbit anti-occludin 1:1000
Rabbit anti-laminin 1:200
Rabbit anti-fibronectin 1:100
Rabbit anti-NG2 1:200
Rabbit anti-PDGF-Rf3 1:100

Table 2: antibodies used to perform immunohistochemistry over in toto retinas, together with its
dilution and incubation solution.

Primary antibodies were always incubated for 30 minutes at
room temperature plus over night at 4°C. Except Anti-Von
Willebrand factor that was incubated over night at room

temperature.
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Wash in PBI (3 changes of 10 minutes each) and in WB (2

changes of 10 minutes each).

Incubation of secondary antibodies: secondary antibodies were
incubated under same temperature and time conditions as
primary antibodies. These antibodies were always diluted in
WB. A summary of secondary antibodies used in this study is

found in table 3.

Secondary antibody Dilution
Anti-rat IgG Biotin 1:100
Anti-goat IgG Biotin 1:100
Anti-rabbit IgG alexa 568 1:100
Anti-rabbit IgG alexa 488 1:100

Table 3: secondary antibodies used to perform immunohistochemistry over in toto
retinas, together with its dilution.

Samples were rinsed in PBI: 5 changes of 10 minutes each.

In order to detect immunocomplex, when secondary antibodies
were not labelled to cromophers, two different fluorochromes

were used: Streptavidin Alexa Fluor 488 and Streptavidin Alexa
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10.

Fluor 568, both of them diluted 1:100 in PBS. Incubation of
fluorophores was performed in the same time and temperature

conditions as antibodies.

Then samples were washed in PBI: 5 changes of 10 minutes

each.

Counterstain: two different nuclei markers were used

Hoescht: diluted in PBS 1:100.

ToPro 3: diluted in PBS 1:100.

Both markers were incubated for 10 minutes at room

temperature.

Mounting samples: retinas were rinsed in PBI for 1 hour
(changing PBI 5 times). Samples were then flattened over a
slide with retinal internal aspect facing the coverslip. Some
drops of Fluoromount ® (Sigma-Aldrich) were used as mounting

media. Finally, slides were sealed with nail lacquer.

Images were taken with a Leica TCS SP2 AOBS confocal

microscope (Leica Microsystems).
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1.3.2. IMMUNOHISTOCHEMISTRY IN PARAFFIN SECTIONS

After retinas were processed as detailed in section 1.1.1.1, next protocol

was performed:

1. Deparaffinization and rehydration:

Xylane: 2 washes of 5 minutes each.

e 100% ethanol: 2 washes of 5 minutes each.

e 96% ethanol: 2 washes of 5 minutes each.

e 80% ethanol: 5 minutes

e 70% ethanol: 5 minutes.

e Distilled water: 5 minutes

2. Slides were then washed in WB for 5 minutes.

3. Incubation of primary antibody: Antibodies used in paraffin

embedded retinal sections are summarized in table 4.
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Antibody Dilution Specificity Commercial supplier
Goat anti-collagen IV 1:20 Blood vessel basement MILLIPORE
membrane
Rabbit anti-aSMA 1:500 Smooth muscle cells Abcam
Chicken anti-GFP 1:200 GFP-tagged proteins Abcam
Rabbit anti-GS 1:500 Miiller cells Sigma-Aldrich
Rabbit anti-GFAP 1:1000 Neuroglial cells Dako Cytomation

Table 4: antibodies used to perform immunohistochemistry on paraffin embedded retinal

sections, together with its dilution, specificity and commercial supplier.

Primary antibodies were always diluted in a WB solution

containing 10% of NDS and incubated over night at 4°C.

4. Samples were washed in PBI three times, each wash lasting 5

minutes. An additional wash in WB was performed during 5

minutes.

5. Incubation of secondary antibodies: secondary antibodies were

incubated in a WB solution for 3 hours at room temperature. Table

5 summarizes secondary antibodies used to perform this study as

well as its dilutions.
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Secondary antibody Dilution

Anti-chicken FITC 1:100
Anti-goat 1gG Biotin 1:100
Anti-rabbit 1gG alexa 568 1:100

Table 5: secondary antibodies used to perform immunohistochemistry over retinal paraffin
sections, together with its dilution.

6. Washes: samples were rinsed three times in PBI. Every wash

lasted 5 minutes

7. Fluorochrome incubation: to evidence immunolabeling Streptavidin
Alexa Fluor 488 was used, diluted 1:100 in PBS. In the triple
immunohistochemistry the fluorochrome Streptavidin Cy5, diluted
1:500, was used. Incubation of fluorophores was performed in
the same conditions as detailed for the incubation of secondary

antibodies.

8. Sections were placed on three baths of PBI, each of them

lasting 5 minutes.

7. Counterstain: retinal sections were counterstained with a Hoescht
solution diluted in PBS 1:100. Samples were incubated in this

solution at room temperature for 5 minutes.
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8. Retinal sections were then rinsed three times in PBI, each wash

lasted 5 minutes.

9. Samples were mounted in some drops of Fluoromount ® (Sigma-
Aldrich) and covered with a coverslip. Finally, slides were sealed

with nail lacquer.

10. Images were taken by a Leica TCS SP2 AOBS confocal

microscope (Leica Microsystems).

1.4. HISTOCHEMISTRY

Different histochemical techniques were performed in this work.

1.4.1 Haematoxilin/Eosin stain

Histological stain with hematoxilin/eosin was performed as follows:

1. Desparaffinization and rehydration as detailed in section 1.3.2

2. Samples were washed in running water for 5 minutes.

3. Harris haematoxilin (Sigma-Aldrich): 5-10 minutes.
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4. Wash in running water for 5 minutes.

5. Quick bath in a solution of 0.25% hydrochloric acid diluted in 70°

ethanol.

6. Eosin (Merck): from 30 seconds to 1minute.

7. Quick dehydration by two quick baths in 96° ethanol and one quick

bath in 100° ethanol.

8. Transparentation: samples were transparented by means of two

baths in xylane (Panreac), each of them lasting 5 minutes.

9. Mounting: Samples were mounted with Entellan ® (Merck) and

covered with a coverslip.

10.Samples were analyzed in an optical microscope (Nikon Eclipse
E- 800) and images were acquired by a digital camera (Nikon

DXM 1200F).

1.4.2. Phalloidin

Phalloidin is a toxin from Amanita phalloides that shows high affinity in F-

actin binding (Cooper, 1987). Thus, fluorescent derivatives of phalloidin have
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been extremely useful for localizing actin filaments in cells and tissues

(Faulstich et al., 1988).

Methodology used to evidence F-actin binding by phalloidin was almost
the same as the one described to perform in toto inmunohystochemistries.

Some variations added to that protocol are described below:

1. Perform  steps described in section about in toto

inmunohystochemical techniques from first step to eighth.

2. Rinse samples several times in PBI, each of them lasting 15

minutes.

3. Incubation of Phalloidin-TRITC (Sigma-Aldrich):

e Concentration: 5 ug/ml diluted in PBS.

e Samples were incubated in this solution for 1 hour at room

temperature.
4. Samples were then washed several times in PBI.
5. Mounting and analysis as described in methodology for

inmunohistochemistry.
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1.4.3. Lectins:

Lectins are non-inmune sugar-binding proteins from vegetal origin,
mostly from Labitae and Leguminosae families. Specific carbohydrate-binding
properties shown by lectins make them key tools in the detection and isolation

of certain carbohydrates (Henry and DeFouw, 1995).

Lectins used in this study are listed in the table 6, together with its
supplier, carbohydrate specificity and inhibitory sugar (according to Sharon and

Lis, 1990; Debray et al., 1981):
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Lectin

Specificity Inhibitory sugar Supplier

Ricinus communis

galactose/N-acetylgalactosamine Galactose

Griffonia alactose/N-acetylgalactosamine

, ﬂ.‘. , 8 / . V6 . Galactose
simplicifolia N-acetilglucosamine

Wisteria floribunda galactose/N-acetylgalactosamine  N-acetylgalactosmine

Triticum vulgaris

Vector

N-acetylglucosamine / sialicacid  N-acetylglucosamine .
vie / v Laboratories

Arachis hypogaea  Galactose / N-actylgalctosamine Galactose
Lycopersicon . .
ycop N-acetylglucosamine N-acetylglucosamine
escolentum
Sambucus nigra Sialic acid / Galactose a-(2-6)-sialyllactose

Glycine max

galactose/N-acetilgalcatosamine  N-acetylgalctosamine

Table 6: lectins used to analyze carbohydrates, together with its specificity, inhibitory sugar and
commercial supplier.

Methodology explained below was followed to perform this histochemical

technique:
1. Perform steps described in section about immunohistochemistry
over in toto retinas from first to eighth steps.
2. Several washes in PBI were performed, each of them lasting 15

minutes.
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Incubation of lectins was performed over night at 4°C. Incubation

solutions are described in table 7.

Lectin Concentration Triton -X- 100 Diluent
RCA 20 pg/ml 0,10%

GSA 20 pg/ml 0,50%

WFA 10 pg/ml 0,10%

WGA 20 pg/ml 0.10% PBS cations
PNA 25 ug/ml 0.10%
LEA 20 pg/ml 0.10%

SNA 40 pg/ml 0.10%

SBA 20 pg/ml 0,10%

Table 7: Working concentration and incubation solution of lectins used im this work.

Several washes in PBI were performed.

Flourochrome incubation: to amplify lectin signal Streptavidin
Alexa 488 was used at 1:100 dilution in PBS. Samples were

incubated in this solution over night at 4°C.

Samples were rinsed in PBI several times.

Mounting and analysis as described in methodology for

immunohistochemistry on in toto retinas.
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1.4.4. NADPH diaphorase

NADPH diaphorase histochemical technique is based on the presence of
an enzyme capable of catalysing the NADPH-dependent conversion of the

soluble tetrazolium salt to the insoluble, visible formazan (Hope et al., 1991).

Several studies demonstrate that NADPH diaphorase is a nitric oxide
synthase, an enzyme involved in nitric oxide (NO) synthesis (Dawson et al.,
1991; Hope et al., 1991). Thus, NADPH diaphorase histochemistry was used as

specific marker for cells producing NO (Hope et al., 1991).

Once retinas from control mice were dissected as described on section of

initial processing of in toto techniques, following protocol was performed:

1. Retinas were fixed in NBF 10% for 2 hours at room temperature.

2. Several washes in PBI were done.

3. Then, retinas were washed several times in TRIS HCI Buffer 0.1 M
pH: 8",

4. Samples were incubated for 90-120 minutes at 37°C in a reaction

solution containing 15 mM malic acid, 1mM MnCl,, 1 mM NADP,
0.2 mM Nitro Blue Tetrazolium and 0.2% triton X-100 in TRIS HCI

Buffer.
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5. Retinas were then washed several times in TRIS HCI Buffer 0.1 M

pH:8.
6. Samples were mounted in buffered glycerol and analyzed in an
optical microscope (Nikon Eclipse E- 800) and images

were acquired by a digital camera (Nikon DXM 1200F).

7. Samples were analyzed with an optical microscope (Nikon Eclipse
E-800) and images were acquired with a digital camera (Nikon

digital camera DXM 1200F).

1.4.5. Salivary amylase digestion

Salivary amylase hydrolyzes glycogen (Walker and Whelan, 1960). To

evidence glycogen content in cells of arteriolar annuli, next protocol was

followed:
1. Retinas were digested according to the method described in
section 1.2.
2. Samples were rinsed in running water for 5 minutes.
3. Incubation in salivary amylase for 30 minutes at 37°C. Salivary

amylase was renewed every 10 minutes.
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4. Samples were rinsed in running water for 5 minutes.

Amylase digested retinas followed different protocols depending on

which methodology was needed to analyse the sample:

a. PAS stain:

1. Incubation in 5% periodic acid for 10 minutes.

2. Wash in running water for 5 minutes.

3. Incubation in Schiff reactive (Merck) over night at 4°C.

4. Samples were stained with Harris’ haematoxylin (Merck) for 5

minutes.

5. Rinse in running water for 5 minutes.

6. Dehydration: samples were dried for 10 minutes at 60°C and then
mounted on a glass slide with Entellan® (Merck) and protected

with a coverslip.

7. Samples were analyzed with an optical microscope (Nikon Eclipse
E-800) and images were acquired with a digital camera (Nikon

digital camera DXM 1200F).
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b. Griffonia simplicifolia cytochemistry together with anti-collagen

=

IV immunohistochemistry:

Digested retinas were washed in PBI for 15 minutes. PBI was

changed three times during this period of time.

Incubation of primary antibody: samples were incubated for 2
hours at room temperature in a solution containing rabbit anti-

collagen IV (diluted 1:200) and 10% of neutral goat serum in WB.

Retinas were rinsed in PBI 3 times. Each wash lasted 5 minutes.

Lectin incubation: samples were incubated over night at 4°C in a
solution containing 20mg/ml of the lectin Griffonia simplicifolia in

PBS cations with 0.5% of triton-X-100.

Wash the sample in PBI 3 times, each wash lasting 5 minutes.

Incubation of secondary antibody and fluorochrome: retinas were
incubated in a WB solution containing Alexa-fluor 488 goat anti-
rabbit (diluted 1:200) and Streptavidin Alexa-fluor 568 (diluted

1:100).

Samples were washed 3 times in PBI, lasting 5 minutes every

wash
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8. Counterstain: nuclei were stained with Hoescht diluted in PBS
1:100. Samples were incubated in this solution for 10 minutes at

room temperature.

9. Mounting as described in methodology for inmunohistochemistry.

10. Sample analyses and image acquisition were performed with a

Leica TCS SP2 AOBS confocal microscope.

.1.5. FLUORESCEIN ISOTHIOCYANATE-DEXTRAN ANGIOGRAPHY

High-molecular-weight fluorescein (FITC)-dextran cannot leak through
vascular walls. Thus, FITC-Dextran intravascular injection is a successful

approach for studying vascular lumen in mouse retina (Li et al., 2011).

In our laboratory, “ex vivo” injection of fluorescein isothiocyanate-dextran

(Sigma-Aldrich) has been successfully performed as follows:

1. Animals were Intraperitoneally injected with 0.1 ml of 5% sodium
heparin. 10 minutes after injection mice were euthanized with a

fluothane overdose.
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2. Mice were dissected to access to thoracic cavity. Then thoracic
aorta was cranially cannulated with a 25G catheter to inject 1 ml of

a 50 mg/ml FITC-dextran solution.

3. Retinas were then removed from the eyeball and fixed in a 10%

NBF bath for 2 hours at 4°C.

4. 5 washes of 10 minutes each in a PBI bath were performed.
5. Nuclei were counterstained with ToPro-3.
6. After several washes in PBI samples were mounted in a slide with

some drops of Fluoromount® (Sigma-Aldrich).

7. Angiography analyses and image acquisition were performed with

a TCS SP2 AOBS confocal microscope.

1.6. INDIAN INK ANGIOGRAPHY

Indian ink ex vivo injected retinas allowed the analysis of vascular lumen

in arteriolar annuli. To perform the angiography next protocol was followed:

1. Injection: 1 ml of a solution containing 1 ml Indian ink + 9 ml of

distilled water + 0.5 g of DQ gelatin from pig skin (Molecular Probes)
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was injected as described in fluorescein isothiocyanate-dextran

angiography protocol.

2. Retinas were then removed from the eyeball and fixed in a 10% NBF

bath for 2 hours at 4°C.

3. After several washes in PBI samples were mounted in a slide with

some drops of Fluoromount® (Sigma-Aldrich).

4. Angiography analyses and image acquisition were performed with a

TCS SP2 AOBS confocal microscope (Leica Microsystems).

2. FUNCTIONAL STUDIES

2.1. BLOOD RETINAL BARRIER ANALYSIS

Horseradish peroxidase (HRP) has been widely used as a tracer to
demonstrate blood-retinal barrier breakdown (Vinores, 1995). To assess

integrity of the barrier in arteriolar annuli next protocol was performed:

1. HRP injection: 1 ml of a solution of 15 mg/ml of HRP (Sigma-

Aldrich) diluted in saline solution was injected in tail vein.
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2. 6 hours after injection mice were euthanized and retinas were

dissected according to methods described above.

3 The presence of HRP was ascertained by its revelation with

3,3’-diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich).

4. Samples were mounted in buffered glycerol.

5. Retinas were analyzed with an optical microscope (Nikon Eclipse
E-800) and images were acquired with a digital camera (Nikon

digital camera DXM 1200F).

2.2. EVALUATION OF SPONTANEOUS CONTRACTILE ACTIVITY

Dissection and perfusion procedures were identical to those previously
reported in section 1.6. Once retinas were dissected, were gently transferred to
a plate containing culture medium: Dulbecco modified Eagle’s Medium (DMEM)
supplemented with 10% phoetal calf serum, 1% penicillin/streptomycin and
2mM glutamine. Retinas were oriented with inner limiting membrane facing
down and flattened with a coverslip to allow well-focused images of retinal

vasculature.

Images were taken every 2 seconds by a Leica TCS SP2 AOBS confocal

microscope (Leica Microsystems) and processed with the Leica LAS AF Lite
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imaging software (Leica Microsystems). During image acquisition, retinas were
maintained under controlled temperature and CO, conditions of 37°C and 5%

respectively.

2.3. ANALYSIS OF TISSULAR HYPOXIA

Retinal oxygenation was analysed using Hypoxiprobe™-1

commercial kit (Chemicon Int.). In order to assess if certain retinal regions were
less susceptible to lack of oxygen, partial hypoxia was induced in mice retinas
by partially clamping common carotid arteries. Then animals were injected with
Pimonidazole. This marker specifically binds certain proteins in hypoxic cells
(Ruberte et al., 2011). Inmunohistochemistry against pimonidazole allows the

detection of these pimonidazole binded proteins.

Working protocol to perform this study is described below:

1. Mice were intravenously injected with 60 mg pimonidazole/kg body

weight in phosphate-buffered saline.

2. 30 minutes post-injection animals were anesthetized with an
intraperitoneal injection of a 100 mg/kg ketamine (Imalgéne 500,
Merial Laboratorios S.A., Barcelona, Spain) and 10 mg/kg xylacine

(Rompun®, Bayer, Kiel, Germany) solution.
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Ventral aspect of mice’s neck was dissected to exhibit common

carotid arteries, which were clamped for 10 minutes.

Retinas were removed from the eyeball and then fixed over night

at 4°C with 10% NBF.

After several washes in PBI to remove the fixative solution,

samples were permeabilized in a 0.1% triton-X-100 solution.

As Pimonidazole is a monoclonal antibody produced in mouse, the
use of the blocking MOM commercial kit was necessary (Kit
MOM™, Vector Laboratories, Inc.; Burlingane, CA, USA). Thus,
after permeabilization, samples were incubated in a solution of
36 ul/ml Blocking IgG Reagent (Kit MOM component) in PBS for 1

hour at room temperature.

Samples were washed 5 times in PBI, each wash lasting 10

minutes.

Retinas were then incubated for 30 minutes at room temperature
with the MOM diluent: 80 pl of protein concentrate (Kit MOM

component) in 1 ml of PBS.

Primary antibodies diluted in a solution containing MOM diluent
with 10% neutral goat serum were then incubated over night at 4

°C. Primary antibodies and its dilutions were:
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10.

11.

12.

13.

14.

15.

16.

* Rabbit anti-collagen 1V diluted 1:200

* Mouse anti-pimonidazole diluted 1:50

Samples were washed in PBI 5 times, each wash lasted 10

minutes.

Secondary antibodies were also diluted in MOM diluent and
incubated over night at 4°C. Secondary antibodies used and its

dilutions were:

* Antimouse Biotin (Kit MOM component) diluted 1:250

* Donkey anti-rabbit 568 diluted 1:100

Several washes of 10 minutes each were performed to the retinas.

Streptavidin Alexa 488 diluted 1:100 in PBS was incubated over

night at 4°C.

Retinas were washed several times in PBI.

Nuclei were counterstained with ToPro 3 diluted 1:100 in PBS.
Retinas were incubated in this solution for 10 minutes at room

temperature.

After several washes in PBI retinas were mounted on slides with

some drops of anti-fading mounting media (Fluoromount®) and
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analyzed with a Leica TCS SP2 AOBS confocal microscope (Leica

Microsystems).

2.4. INVIVO CALCIUM IMAGING

Calcium is an intracellular messenger that controls a wide range of
cellular processes (Thomas et al., 2000). The use of fluorescent compounds
that undergo large fluorescent enhancements upon binding Ca2+ has made
possible the observation of calcium signalling (Gee et al., 2000; Thomas et al.,

2000).

Fluo-4 is a fluorescent dye that responds to calcium binding with an
increase of fluorescence intensity. This compound has higher absorptivity of
488 nm excitation light and less cytotoxicity than other calcium-binding dyes.
Thus, Fluo-4 can be used effectively to detect and quantify calcium changes in

both whole cells or in subcellular regions of interest (Gee et al., 2000).

In order to detect calcium events in different retinal cell populations

protocol described below was followed:
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a) Retinal preparation

Mice were euthanized with a fluothane overdose.

Enucleation and retinal dissection was performed in sterile PBS

Retinas were transferred to a plate containing culture medium:
Dulbecco modified Eagle’s Medium (DMEM) supplemented with
10% phoetal calf serum, 1% penicillin/streptomycin and 2mM
glutamine. Retinas were maintained under controlled temperature

and CO; conditions of 37°C and 5% respectively.

b) Dye loading

1.

Samples were washed in Hanks balanced salt solution (HBSS)

(Life Technologies Corporation, Carlsbad, CA, USA).

Dye incubation: retinas were incubated in a solution containing
10 uM Fluo-4 (Life Technologies Corporation) and 0.3% of 20%
pluronic acid. Samples were incubated in this solution for 1 hour at

37°C.

Retinas were washed in HBSS and maintained at 37°C in new

culture medium.
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¢) Image acquisition and analysis

Loaded retinas were disposed in a plate with inner limiting membrane
facing down. To allow optimal focus of arteriolar annuli, retinas were gently

flattened and maintained under a metal grid.

Functional imaging was performed on a Leica TCS SP5 confocal
microscope using Leica oil immersion lenses (63x, Leica, Germany). The Fluo-4
indicator was excited at 488 nm and image sequences were captured every 2
seconds. Fluo-4 AM fluorescence intensity was measured on image sequences

with the Leica LAS AF Lite imaging software (Leica, Germany).

d) Drug application

Retinas were maintained unstimulated for 30 seconds to obtain calcium
images under basal conditions. Then, culture medium containing 150 uM of

histamine was carefully applied to the retina through the metal grid.
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3. MORPHOMETRICAL STUDIES

3.1. DISTRIBUTION AND TOPOGRAPHY OF ARTERIOLAR ANNULI

To determine topography and distribution of arteriolar annuli, all arteriolar
branches of whole mount retinas double stained with anti-collagen IV antibody
and Griffonia simplicifolia were analyzed (n = 5). Within each retina three

different areas were considered:

1. Central retina: from the optic disc to the midpoint of the retinal radius.

2. Peripheral retina: from the midpoint of retinal radius to the retinal outer

edge.

3. Arterio-arteriolar shunts: specific retinal areas where arterioles

communicate directly to each other by a capillary network.

Results are expressed as percentage of arteriolar branches occupied by

arteriolar annuli in each area.

3.2. PROTEIN AND CARBOHYDRATE QUANTIFICATION

Although several methods to quantify proteins in a tissue have been

developed over the years, fluorescence molecular imaging has provided to
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researchers a method that is both sensitive and specific (Gustashaw et al.,

2010).

Mean fluorescence intensity was measured with Leica LAS AF Lite

imaging software (Leica, Germany) according to the equation:

AFP = E'_ (intensity units/pixel)

Where i(p) is the intensity of a pixel within the confocal plane of the
cell, and n(p) is the total number of pixels of the plane. Results are reported in

arbitrary intensity units, such as grays.

a. Hemostatic function:

To evidence differences in hemostatic function of arteriolar annuli, whole
mount retinas were double immunolabeled with antibodies against Von
Willebrand factor and collagen IV. Then samples were analyzed using a TCS
SP2 confocal microscope. Von Willebrand factor intensity was determined in
643.04 pm? regions of interest of 6 arteriolar annuli and its correspondent

adjacent vessel wall.
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b. Basement membrane:

To test whether the presence of arteriolar annuli induced changes in the
basement membrane, retinas were immunolabeled with antibodies against
collagen 1V, laminin and fibronectin. Mean fluorescence intensity of fibronectin
was determined in 8 arteriolar annuli and its correspondent adjacent blood
vessel wall; collagen VI was expression was ascertained in 6 arteriolar annuli
and 6 regular arterioles; and finally, laminin was analyzed in 11 arteriolar annuli
and its correspondent regular arteriole. Images were obtained with a TCS SP2

confocal microscope.

c. Diabetic retinopathy:

Retinas from db/db mice were labeled with Griffonia simplicifolia to study
alterations of arteriolar annuli during type 2 diabetes. Mean fluorescence
emission of Griffonia simplicifolia was measured in 4 arteriolar annuli per retina.
Retinas from 2 db/db mice were compared with retinas from 2 Lean control age-
matched mice. Images were acquired under same conditions in all animals with

a TCS SP2 AOBS confocal microscope.
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d. Hypertensive retinopathy

To analyze alterations of arteriolar annuli during hypertension, retinas
from KAP transgenic mice were double labeled with anti-Anol and anti-collagen
IV antibodies. Anol mean fluorescence intensity was determined in 5 to 10
arteriolar annuli per retina. Retinas from 5 KAP transgenic mice and 5 control
littermate mice were analyzed. Images were obtained under same conditions in

all animals with a TCS SP2 AOBS confocal microscope.

3.3. EVALUATION OF WALL THICKNESS DURING

HYPERTENSIVE RETINOPATHY

To establish arteriolar wall thickness during hypertensive retinopathy o-
SMA immunolabeled paraffin embedded retinal sections were analyzed. 2

measures were stablished:

1 = Transversal diameter of arteriole

2 = Transversal diameter of arteriolar lumen

From these measures, wall thickness was estimated as follows: WALL

THICKNESS =1 - 2.
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To avoid bias errors, each measure was determined 3 times per arteriole
in 5 arterioles per retina. Retinas from 4 KAP transgenic mice and 4 littermate

control mice were analyzed.

3.4. COLOCALIZATION ANALYSIS

Spatial colocalization between two fluorescently labeled proteins was
determined by the Leica LAS AF Lite imaging software (Leica Microsystems)

under the following calculations:

- Overlap coefficient:

L 2R Gl
P WERE G

Where R; and G; correspond to signal intensity of pixels in red and green

channels respectively (Manders et al., 1993).

- Colocalization Rate (%) = Colocalization area / area forground, and area

foreground = area image — area background (Bratic et al., 2011).

Arteriolar annuli and regular adjacent arteriolar wall areas were selected

using the “region of interest” tool in 8 — 10 side-arm branches of collagen IV and
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laminin double immunolabeled whole mount retinas from 3 different control

mice.

C. STATISTICAL ANALYSIS

Results are shown as the mean + SEM. Statistical analyses were
performed by paired t test when regions of interest in the same image were
compared. Otherwise, as happened when comparing regions of interest from
different mice, unpaired t test analysis was performed. Significance was

accepted at p < 0.05.
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RESULTS and DISCUSSION




A. ARTERIOLAR ANNULI IN THE MOUSE RETINA

A.l1 Localization and distribution

A.1.1 identification of arteriolar annuli

Arteriolar annuli are evident in mouse pepsin/trypsin digested retinas
stained with PAS and hematoxylin, according to the method described by
Kuwabara and Cogan (1960). This result contradicts previous studies from
these authors, who were not able to found these structures in the retinal

vasculature of the mouse.

As previously described (Kuwabara and Cogan, 1960; Henkind and De
Oliveira, 1968; Agrawal et al., 1968; Rootman, 1971), arteriolar annuli in mouse
retina appeared as a collar of more intensely PAS stained material at the site of
branching of retinal arterioles (Fig. 12). Retinal arterioles give rise to
precapillary arterioles following two different patterns: side-arm and
dichotomous branching (Anderson and Mclntosh, 1967; Kuwabara and Cogan,
1960; Pannarale, 1996). The side-arm branching shows precapillary arterioles
coming off from the main arteriole, usually at a right angle, with a reduction of
the caliber (Fig. 12A); while dichotomous branching forms Y-shaped branches
with arms of equal diameter (Fig. 12B). Arteriolar annuli occurred in the
majority of side-arm branching sites of mouse retinal arterioles, but were never
present at arterioles branched following a dichotomous pattern. Nor arteriolar
annuli were seen at the venular side of the mouse retinal vasculature. These

results are in accordance with those previously observed in the retinal
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vasculature of different species, such as cat, rat, pig, dog, rabbit, goat and owl
monkey (Kuwabara and Cogan, 1960; Henkind and De Oliveira, 1968; Agrawal

et al., 1968; Rootman, 1971).

Figure 12: Identification of arteriolar annuli in the mouse retina. PAS stain of pepsin/trypsin
digested retinas evidenced the presence of arteriolar annuli in side-arm arteriolar branches (A) but not in
dichotomous branching sites (B). Nuclei counterstain: haematoxilin. Arrowhead: arteriolar annuli. OD: optic

disc. a: arteriole. v: venule. Magnification: 1000x.
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Arteriolar annuli found in mouse retinal arterioles showed a conical
appearance with increased cellularity. Most of these cells present in the
arteriolar annuli were different from those found in the neighboring vessel, since
their nuclei were more intensely stained with hematoxylin (Fig. 12A). This
observation supports the results reported by Henkind and De Oliveira (1968),

who observed hypercellularity in arteriolar annuli of several species.

A.1.2. Analysis of carbohydrate expression

The increased PAS stain seen at arteriolar annuli (Fig. 12) can indicate a
high carbohydrate expression, since Schiff reagent specifically binds with
polysaccharides including some components of the blood vessel basement
membrane, glycogen, glycoproteins and mucoproteins (Presnell and

Schreibman, 1997)

In order to analyze which carbohydrates are expressed in the arteriolar
annuli, a study of the specific binding of a battery of eight lectins was performed
(Table 1). Lectins are specific carbohydrate-binding non-immune proteins which
have been widely used to detect glycoconjugates on animal tissues (Henry and

DeFouw, 1995).

An increased expression of a- and p-galactose as well as N-
acetylgalactosamine carbohydrates in mouse arteriolar annuli was
demonstrated by the specific increased binding of lectins from Griffonia

simplicifolia (Fig. 13A), Wisteria floribunda (Fig. 13B), Glycine max (Fig. 13C)
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and Ricinus communis (Fig. 13D). In contrast, N-acetylglucosamine and sialic
acid carbohydrates were not expressed in arteriolar annuli, as specific binding
of Triticum vulgaris, Arachis hypogaea, Lycopersicon esculentum and

Sambucus nigra lectins was not found (Table 1).

Acronym carbohydrate specificty AneruIi A?HIH
GSA-I o-Gal ++ +
WFA o/pB-GalNac ++ +
SBA a/B-GalNac, Gal + -
RCA- B-Gal, o-Gal, GalNac ++ +
WGA GLcNac, NeuAc - -
PNA B-Gal, GalNac - -

LEA GLcNac - -
SNA NeuAc (2-6), Gal - -

Table 1: Carbohydrate expression in arteriolar annuli shown by specific lectin binding.

In the vasculature, carbohydrates are mainly found as components of cell
glycocalix, a coat composed of glycoproteins, proteoglycans, sialoconjugates
and glycosaminoglycans (Simionescu and Simionescu, 1986; Pournaras et al.,
2008). Glycoproteins from the glycocalix contain several types of carbohydrates
including those overexpressed in arteriolar annuli: galactose and N-
acetylgalactosamine (Henry and DeFouw, 1995). The major functions of the
glycocalix are to act as a charge-selective barrier; to attenuate the effects of
bloodstream shear stress (Pournaras et al., 2008). Glycocalix is also an

important determinant of other membrane properties, including cell adhesion
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(Gerrity et al.,1977). Since most of the components of the glycocalix are
synthetized by endothelial cells (Simionescu and Simionescu, 1986), our results
in lectin binding could indicate the existence of a distinct subpopulation of

endothelial cells with specific properties and functions in arteriolar annuli.

Griffonia simplicifolia Wisteria floribunda

¥
e .

ifmm

Glycine max Ricinus communis

Figure 13: Analysis of carbohydrate expression in arteriolar annuli. Confocal images of whole mount
retinas labeled with lectins from Griffonia simplicifolia (A), Wisteria floribunda (B), Glycine max (C) and
Ricinus communis (D) evidenced increased expression of carbohydrates in arteriolar annuli. Nuclei

counterstain: ToPro-3. Arrowhead: arteriolar annuli. Scale bars: A = 11.02 um; B =7.72 um; C = 11.57 um;

D =9.52 um.
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In addition to glycocalix, carbohydrates can also be found forming part of
blood vessel basement membrane. In this regard, the specific increase of lectin
binding could indicate an accumulation of basement membrane as pointed by
Henkind and De Oliveira (1968). In this way, the accumulation of basement
membrane may indicate a key role of arteriolar annuli in the blood flow
maintenance by ensuing the luminal opening at the side-arm branching sites

(Henkind and De Oliveira, 1968).

Collagen IV /

Figure 14: Analysis of glycogen in arteriolar annuli. Increased content of glycogen in arteriolar annuli
was evidenced by the decreased PAS stain (A) and Griffonia simplicifolia binding (B) after salivary
amylase specific digestion of glycogen in pepsin/trypsin digested retinas. (B) Retinal vasculture was
evidenced by collagen IV immunohistochemistry (green). Nuclei counterstain: Hoescht. Arrowhead:
arteriolar annuli. GSA: Griffonia simplicifolia agglutinin. Magnification A = 1000x ; Scale bars: B (left

micrograph) = 4.7 um; B (right micrograph) = 5.7 pm.
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PAS stain and Griffonia simplicifolia lectin binding have also been used
to evidence glycogen in many cell types and tissues (Hennigar et al., 1986;
Hennigar et al., 1987; Presnell and Schreibman, 1997). Cytoplasmic PAS stain
and lectin binding has been observed in arteriolar annuli cells (Fig. 12A and
13A), suggesting that this glucose polymer is present at branching points. In
order to verify this finding, whole mount retinas were incubated with salivary
amylase, an enzyme that hydrolyzes glycogen (Walker and Whelan, 1960). A
decrease in PAS and Griffonia simplicifolia cytoplasmic was observed,

indicating increased glycogen content in cells of arteriolar annuli (Fig. 14).

A.1.3 Topography and distribution

As seen in figure 13A, the lectin Griffonia smplicifolia showed high
sensitivity and specificity in binding arteriolar annuli, allowing an easy
differentiation of this structure from the rest of the vessel. In this regard,
Griffonia smplicifolia will be considered as a reliable specific marker of arteriolar

annuli in the mouse arterial vasculature.

Double stain of in toto mouse retinas was performed with an antibody
against collagen IV, to evidence blood vessel basement membranes, and the
lectin Griffonia smplicifolia to specifically stain arteriolar annuli (Fig. 15A). This
technique allowed a morphometrical analysis of both topography and

distribution of arteriolar annuli within the mouse retina.
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As expected, arteriolar annuli appeared as an increased binding of the
lectin Griffonia smplicifolia at side-arm branching sites of retinal arterioles.
These structures were never seen at arteriolar dichotomous branching sites or
in the venous side of vasculature (Fig. 15A). In this regard, the 55.36 % of
arteriolar branches of mouse retinal vasculature showed the presence of

arteriolar annuli.

To better analyze the distribution of arteriolar annuli within retinal
vasculature, two different areas were considered: the first, named central retina,
occupied the area located between the optic disc and the midpoint of the radius
of the retinal tissue. The peripheral retina, located between the midpoint of the
radius and the outer edge of the retina, was the second area analyzed (Fig.
15B). Interestingly, the presence of arteriolar annuli varied depending on the
considered area: arteriolar annuli were found in a 62.36 + 2.831% of the
arteriolar branching sites in the central retina while, in the peripheral retina, the
presence of arteriolar annuli at branching sites decreased to account just for
43.51 + 3.47%. This difference was statistically significant when compared by
means of a T-Student analysis (p = 0.0136) (Fig. 15B). Also Henkind and De
Oliveira (1968) found differences between arteriolar branches located in the
central retina and those located in the periphery, since PAS stain was more

intense at those side-arm branches found closer to the optic disc.
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Figure 15: Topography and distribution of arteriolar annuli. (A) Whole mount retinas labeled with the
lectin from Griffonia simplicifolia (red) and the antibody anti-collagen IV (green) evidenced the presence of
arteriolar annuli in side-arm branches of retinal arterioles. Image of the entire retina correspond to a
composition of several confocal images. (B) Arteriolar annuli occurred more frequently in the central retina.
As bar-graphs show, differences of distribution were statistically significant. GSA: Griffonia simplicifolia
agglutinin. OD: Optic disc; a: arteriole; 1: central retina; 2: peripheral retina; Arrow: dichotomous

branching; Arrowhead: side-arm branching; Asterisk: p < 0.05. Scale bar: A = 225.70 um.
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A.2. Characteristics of the vascular lumen

Several techniques have been used to analyze whether arteriolar annuli
modified the vascular lumen of mouse retinas at branching sites. Indian ink
injection (Fig. 16B), vascular corrosion casts (Fig. 16B) and fluorescein-dextran
angiography (Fig. 16C) evidenced a vascular constriction at the origin of
collateral arterioles arising at side-arm branching. Both vascular corrosion casts
(Fig. 16C) and fluorescein angiography (Fig. 16D) also showed an oval
depression in the lumen of the parent vessel surrounding the origin of the
collateral arteriole. This constriction of the vascular lumen has been found in
many different species and vascular beds (Moffat and Creasey, 1971; Whelan
et al., 1996; May and Lutjen-Drecoll, 2002), and more specifically, has been
found in retinal arteriolar side-arm branchings of cat (Risco and Nopanitaya,
1980), rat (Pannarale et al., 1996; Ninomiya and Kuno, 2001), hamster

(Ninomiya and Inomata, 2005) and miniature pig (Simoens et al., 1992).

Analyses of vascular lumen of Indian ink injected retinas (Fig. 16A) and
retinal fluorescein angiographies (Fig. 16C) under light microscopy and confocal
laser microscopy respectively, showed a population of cells bulging into the
vascular lumen. These cells presented a different appearance from the other
intimal cells. Such cells, compatible with those described by Loewenstein in
1947 as cushion cells (Loewenstein, 1947), may be responsible of either
vascular constriction and oval depression found in vascular casts (Fig. 16B). In

this regard, many different authors have described intra-arterial cushions in
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Indian ink

FITC dextran

Figure 16: Analysis of vascular lumen. Arteriolar annuli caused a constriction of the vascular lumen, as
evidenced by Indian ink angiography (A), scan laser microscopy analysis of vascular corrosion casts (B),
and confocal images of fluorescein-isthyocyanate dextran angiography (C). Increased cellularity related to
arteriolar annuli (asterisk) was evident on Indian ink (A) and fluorescein-isthyocyanate dextran (B)
angiographies. Nuclei counterstain: ToPro3. Arrowhead: arteriolar annuli. Scale bars: A = 12.87 um; B =
13.39 um; C = 12.44 pm.
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other body localizations (Moffat and Creasy, 1971; Matsuura and Yamamoto,

1988; Ninomiya and Kuno, 2001; Ninomiya and Inomata, 2005).

A.3. Morphological analysis of the vascular wall

In order to analyze the fine structure of arteriolar annuli, side-arm
branching sites of mouse retinal arterioles where studied under transmission
electron microscopy (Fig. 17). As can be seen on the micrographs, the opening
of the side-arm branching is enclosed by a ridge of tissue which projects into
the lumen, this in accordance with the existence of an intra-arterial cushion in

the arteriolar annuli.

Surprisingly, three distinct cellular types could be distinguished in the
arteriolar annuli (Fig. 17). Only two cellular types, endothelial and smooth
muscle cells, will be expected in the wall of a regular arteriole (Saint-Geniez and

D’Amore, 2004; Cross and Mercer, 1993).

Endothelial cells were observed covering the luminal surface of arteriolar
annuli, where they formed a continuous layer which greatly varied in thickness
and shape. Vascular smooth muscle cells could also be seen in the arteriolar
annuli occupying the tunica media of the vascular wall. Interestingly, a
population of morphologically distinct cells was observed in the arteriolar annuli.
These cells were embedded in a loose extracellular matrix located in the
vascular wall between endothelial and smooth muscle cells. Because of this

particular location, we have called them interstitial cells. These interstitial cells
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Figure 17: Ultrastructure of arteriolar annuli. Digitally colored transmission electron micrograph
evidences the different components of arteriolar annuli vascular wall. A new cell population, named
interstitial cells (green), was evident between endothelium (blue) and smooth muscle cells (red). Yellow:

basement membrane. Scale Bar: 1.10 um.
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may explain the increased cellularity seen in the Indian ink and FITC-dextran
angiographies (Figs. 16A and 16C) as well as in pepsin/trypsin digested retinas

stained with PAS and hematoxylin (Fig. 12).

A.3.1. Endothelial cells

In order to characterize endothelial cells in the arteriolar annuli,
inmunohistochemical and histochemical techniques, as well as transmission

electron microscopy were performed.

A.3.1.1 Molecular characterization

Three specific markers have been used to identify vascular endothelial
cells in the mouse retina: CD34 (Fig. 18A), CD31 (Fig. 18B) and NADPH

diaphorase (Fig. 18C).

CD34 is a highly glycosylated transmembrane cell surface glycoprotein
expressed by endothelial cells (Siemerink et al., 2012) which has been widely
used as an specific marker for monitoring such cells in mouse retinal
vasculature (Mendes-Jorge et al.,, 2012). As expected, CD34 binding in the
arteriolar annuli allowed the observation of a continuous layer of endothelial

cells lining the lumen at these sites (Fig. 18A).
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CD31 expression was observed on the cell surface of endothelial cells of
both the main arteriole and the side-arm branch (Fig. 18B). But a very low
expression of this marker was observed in the endothelial cells covering
arteriolar annuli. CD31, also known as PECAM-1, is an integral membrane
glycoprotein which has been shown to be involved in the processes of cell-cell
adhesion such as leukocyte-endothelial adhesion (Calabrese et al., 1998). In
this regard, the lack of CD31 antigen expression would possibly difficult the
cellular adhesion at these sites and thus, prevent the luminal closure by the

adhesion of blood cells under certain conditions.

NADPH diaphorase is an enzyme involved in NO synthesis (Funk, 1997)
and reflects nitric oxide synthase (NOS) activity (Vincent and Hope, 1992; Amir
et al., 1997; Hardy et al., 2000). eNOS is the enzyme that catalyzes nitric oxide
(NO) formation by endothelial cells acting as a potent signaling molecule on the
underlying smooth muscle cells causing vasodilatation (Haefliger et al., 1994;
Shah et al., 1997; Ando et al., 2002; Pournaras et al., 2008; Chakravarty et al.,
1995). As previously described (Hardy et al., 2000; Al-Shabrawey et al., 2003),
NADPH diaphorase activity stains vascular endothelial cells in mouse retina
(Fig. 18C). At the level of arteriolar annuli a large increase in NADPH
diaphorase expression could be observed, when compared with the rest of the
vessel (Fig. 18C), supporting the results reported by Funk (1997) in his studies
of retinal vascularization. This result suggests an increased machinery to
synthesize NO and perhaps the establishment of a localized vasodilatation at

the level of the arteriolar annuli. The increased expression of NOS may be due
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to the special characteristics of blood flow at the branching points, where
increased shear stress (Zarins et al., 1983) could act as promoter of both NOS

MRNA and protein expression (Hardy et al., 2000).

NO can also affect the vascular system through its capacity to inhibit
platelet aggregation and adhesion (Hardy et al., 2000). This fact supports the

low expression of CD31 observed in arterial annuli (Fig. 18B).

Figure 18: Molecular analysis of annuli endothelial cells. (A) Immunohistochemical labeling of CD34
showed the presence of endothelial cells lining the luminal surface of arteriolar annuli wall. (B) CD31
expression was diminished in annuli endothelial cells, evidenced by double immunohistochemistry against
collagen IV (green) and CD31 (red). (A) and (B) correspond to maximum projections of confocal
microscopy optical sections. (C) NADPH diaphorase activity was increased in arteriolar annuli. Arrowhead:
Arteriolar annuli; SMC: Smooth muscle cell; EC: Endothelial cell. Scale Bars: A = 10.37 um; B = 9.25 um;

C =4.26 um.
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All those results indicate that endothelial cells of arteriolar annuli show
important molecular characteristics which confer distinctive functional features
to arteriolar annuli. This has also been recently reported by several authors who
observed that Msx1 gene (Goupille et al., 2008; Lopes et al., 2012) as well as
Jag1 Notch ligand (Hoffman et al., 2007) are increased in endothelial cells of
retinal arteriolar branching sites. This phenomenon is known as “endothelial cell

heterogeneity” (Page et al., 1992; Cines et al., 1998; Aird, 2007).

A.3.1.2 Transmission electron microscopy analysis

In order to analyze whether endothelial cells of arteriolar annuli show
structural heterogeneity in addition to the molecular heterogeneity demonstrated

above, arteriolar annuli were studied under transmission electron microscopy.

Ultrastructural analysis of arteriolar annuli showed two subtypes of
endothelial cells (Fig. 19A and 19B), subtypes | and Il, morphologically
distinguishable from the rest of endothelial cells existing within the vascular wall
adjacent to the arteriolar annuli (Fig. 19C). Endothelial cells of retinal arterioles,
as can be seen in figure 19C, presented a flat and elongated shape. Although
nucleus was also elongated, endothelial cells were slightly thicker at this area
protruding into the lumen. Many caveolae could be seen in both luminal and
abluminal surfaces of these cells. Cytoplasm appeared thin, with few

organelles.
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Figure 19A shows subtype | endothelial cell population. We have
classified these cells as a subset of activated endothelial cells. These cells
exhibited enlarged nuclei with the chromatin condensed on the periphery. Their
perinuclear space appeared swollen. These cells also presented an increased
number of vesicles and caveolae, the later specially found at abluminal surface.
Caveolae were first defined by Yamada in 1955 as “small pockets, vesicles,
caves or recesses communicating with the outside of the cell”. Some years
later, Palade described the sequence of events in the fate of caveolae (Palade
and Bruns, 1968). Such sequence implies the closure of caveolae to form a
vesicle which will move across the cell to fuse with the cell membrane of the
opposite front. In this regard, one of the first functions attributed to caveolae
was transcytosis (Frank et al.,, 2009). The fact that both biogenesis and
maintenance of caveolae involve endoplasmic reticulum activity (Anderson,
1998) could explain the appearance of a swollen perinuclear space in the
activated endothelial arteriolar annuli cells, since the outer membrane of the
nuclear envelope is continuous with the endoplasmic reticulum (Cross and

Mercer, 1993).

Caveolae have been found to be rich in cell-signalling molecules
(Anderson, 1998). As caveolae contain many different signaling molecules in
one location, these are sites where can take place signal integration (Anderson,
1998). Such molecules include Ca®* (Anderson, 1998) and NO (Minshall et al.,
2003). In fact, caveolae have been suggested to be the sites of NO production

(Anderson, 1998), since eNOS is a resident protein of these structures (Isshiki
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el al., 2002). This fact, together with our results suggesting that eNOS is
expressed at high amounts at the endothelial cells of arterial annuli (Fig. 7C),
could indicate that this population of endothelial cells is endowed with a system

of NO signaling pathway usable under demand.

Endothelial cells shown in figure 19B, the subtype II, were thicker than
the rest of endothelial cells of mouse retinal arterioles. Nuclei were bilobulated
as a difference of other arteriolar endothelial cells (Fig. 19C). Within their
cytoplasm, those cells presented a well-developed endoplasmatic reticulum and
an increased number of cytoplasmic vesicles. This endothelial cell
subpopulation also exhibited a large increase in the number of mitochondria. All
those features identically match all the morphological characteristics shown by
endothelial cells under increased shear stress (Masuda et al., 2003). Since
these cells appeared in a specific site of the branching structures exposed to a
very high shear stress (Zarins et al., 1983), this increased shear stress seems
to be the most plausible reason for the morphological features exhibited by this
endothelial cell subpopulation. Also Porat et al. (2004) found adaptations to
disturbed flow in these endothelial cells residing just downstream of the
branching site, since these cells exhibited an upregulation of Tie1 promoter

activity.
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Figure 19: Ultrastructural analysis of annuli endothelial cells. Transmission electron microscopy
analysis evidenced the presence of three morphologically distinct endothelial cell populations in arteriolar
annuli: activated endothelial cells (A), shear stress-adapted endothelial cells (B), and regular retinal
endothelial cells (C). Pn: Perinuclear space, Ec: Endothelial cell; Mi: Mitochondria; ER: Endoplasmic
reticulum; Ca: Caveolae; SMC: Smooth muscle cell; Mi: Mdiller cell. Scale Bars: A = 0.6 um; B = 0.58 um;
C=0.53 um.
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A.3.1.3 Hemostatic function

Both molecular and structural modifications shown by endothelial cells in
the arterial annuli led to further analyze whether these cells also displayed

distinctive functional characteristics.

Among others, endothelial cell functions include the hemostatic balance
(Wu and Thiagarajan, 1996; Hoffman and Monroe, 2001). Hemostasis, the
ability to prevent blood loss by promoting platelet aggregation and clot formation
in a damaged vasculature (Guyton and Hall, 2006), is a common function of
endothelial cells (Aird, 2007). To carry out this function, endothelial cells
express both anticoagulant and procoagulant molecules. Interestingly,
anticoagulant and procoagulant molecules are not equally distributed

throughout the vasculature (Aird, 2007).

von Willebrand factor is a glycoprotein synthetized and released into
circulation by endothelial cells (Vischer, 2006). This protein plays an essential
role in hemostasis, by mediating platelet adhesion and aggregation as well as
acting as a carrier for factor VIII (van Mourik et al., 2002; Vischer, 2006). In
order to investigate if arteriolar annuli display a specific expression of von
Willebrand factor immunohistochemistry was used. As figure 20A unequivocally
shows, the expression of von Willebrand factor was increased at arteriolar side-
arm branching sites when compared with the adjacent vessel wall. When the
fluorescence intensity emitted was quantified by confocal laser microscopy, it
was ascertained that differences in emitted fluorescence were statistically

significant (87.49 + 13.49 intensity units in arteriolar annuli VS 42.71 + 4.34
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intensity units in the adjacent vessel wall; p = 0.0195) (Fig. 20B). This result
suggested a specific role in hemostatic function of endothelial cells at arteriolar
annuli. Interestingly, in another branching arterial point, the origin of intercostal
arteries, Senis and colleagues (1996) found groups of intensely von Willebrand
stained endothelial cells, and these authors suggested shear-stress as a
possible factor in the regulation of von Willebrand factor expression by

endothelial cells.

Pre-pro-von Willebrand factor is synthesized at the endoplasmic
reticulum and then transported to the Golgi apparatus. Once processed, leaves
the trans-Golgi network and is either constitutively secreted or is stored in newly
formed Weibel-Palade bodies (Michaux and Cutler, 2004). Weibel-Palade
bodies are highly organised storage organelles of endothelial cells which
release their content by regulated exocytosis (van Mourik, 2002; Michaux and
Cutler, 2004). In this way, von Willebrand factor stored in Weibel-Palade bodies
is released at sites of injury in a regulated fashion (Michaux and Cutler, 2004).
Transmission electron microscopy analysis of arterial annuli showed a high
presence of Weibel-Palade bodies in the cytoplasm of its endothelial cells (Fig.
20C). Thus, these results suggest that these cells release this procoagulant

molecule mainly in a regulated manner.

Several studies have demonstrated the existence of both activators and
inhibitors of von Willebrand factor exocytosis (reviewed in Vischer, 2006). NO
has been shown to inhibit exocytosis of Weibel-Palade bodies (Santhaman et

al., 2011) and von Willebrand factor secretion (Vischer, 2006). Our previous
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results demonstrating an increased eNOS activity in arteriolar annuli could

indicate that release of von Willebrand factor is inhibited at these sites of the

Collagen IV / B
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Fluorescence intensity
(arbitrary units)
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Figure 20: Hemostatic function of annuli endothelial cells. (A) Confocal microscopy analysis of double
immunohistochemical labeling against collagen IV (green) and von Willebrand factor (red) showed
increased expression of von Willebrand factor in arteriolar annuli. (B) Quantification of fluorescence
intensity evidenced statistically significant differences in the expression of this protein between annuli
endothelial cells and regular arteriolar endothelial cells. (C) Transmission electron microscopy evidenced
the presence of Weibel-Palade bodies in annuli endothelial cells. ROI 1: Arteriolar annuli; ROl 2: Regular

retinal arteriole; Arrow: Weibel-Palade bodies; Asterisk: p < 0.05. Scale bars: A = 13.59 um; C = 0.54 um.
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vasculature, remaining stored in Weibel-Palade bodies. Altogether, these
observations suggest that endothelial cells are able to maintain an

antithrombotic milieu at arterial annuli.

A.3.1.4. Blood retinal barrier function

Another important feature of retinal endothelial cells is the presence of
tight junctions, which represent the main component of the inner blood-retinal
barrier (Cunha-Vaz, 1976; Pournaras et al., 2008; Kur et al 2012). Since the
structure of endothelial tight junctions has been shown to vary along the
vascular tree (Simionescu et al., 1975; Schneeberger and Lynch, 1984), a
transmission electron microscopy analysis of arteriolar branching sites of the
mouse retina was performed to study these junctional complexes in arteriolar
annuli. Ultrastructural analysis allowed the observation of tight junctions
between endothelial cells located at arterial annuli (Fig. 21A). Their morphology

is similar to that observed outside de arterial annuli (Fig. 21A).

Occludin is one of the main integral membrane proteins of endothelial
tight junctions (Gardner et al., 1999; Morcos et al., 2001) and contributes to
both its formation and properties (Furuse et al., 1996; Hirase et al., 1997).
Immunohistochemistry was performed on flat mounted whole retinas to analyze
occludin expression at arterial annuli (Figure 21B). No differences in the
distribution of occludin could be seen among endothelial cells inside and

outside the arterial annuli (Fig. 21B).
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Figure 21: Blood-retinal barrier in arteriolar annuli. (A) Transmission electron microscopy evidenced
that integrity of tight junctions was maintained in arteriolar annuli. (B) Confocal microscopy analysis of
immunohistochemically labeled whole mount retinas showed no differences in the expression of occludin
(green) in arteriolar annuli. (C) No leakage through blood-retinal barrier appeared after horseradish
peroxidase injection, thus indicating that barrier integrity was maintained. Nuclei counterstain: ToPro3. Tj:

Tight junction; HRP: Horseradish peroxidase. Scale bars: A = 0.24 um; B = 8.96 um; C = 8.43 um.

124



The main function of blood-retinal barrier is to maintain an appropriate
retinal environment by preventing the free pass of blood-borne molecules to the
retinal tissue (Pournaras et al., 2008). In this regard, several molecules,
including horseradish peroxidase, have been widely used as tracers to assess
the blood-retinal barrier integrity (Tso and Shih, 1976), since leakage of such
molecules indicates areas of increased permeability. As expected, intravascular
injection of horseradish peroxidase demonstrated that leakage did not occur at
arteriolar annuli (Fig. 21C). Altogether, these results demonstrated that both
structural characteristics and function of blood-retinal barrier are preserved at

arteriolar annuli.

Taken together, all these results suggest that endothelium of arteriolar
annuli is formed by a subset of endothelial cells endowed with distinctive
structural and molecular properties (Table 2) which allow them to play a key role
in the maintenance and regulation of retinal blood flow. At the arteriolar annuli

blood flow seems to be ensued by two mechanisms:

(1) Establishment of an antithrombotic milieu. Down-regulation of CD31
and NO synthesis difficult cell adhesion of platelets and leucocytes to the
arteriolar annuli. Moreover, NO inhibit the release of von Willebrand factor by

preventing exocytosis of Weibel-Palade bodies.

(2) Vasodilatation of arteriolar annuli. Increased synthesis of NO could

produce vasodilation at arteriolar annuli by its paracrine action on smooth
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muscle cells. The increased number of caveolae and vesicles would also
suggest that endothelial cells are endowed with machinery to prompt release

vasoactive molecules, as NO, in response to certain stimuli.

Molecule Endothelial cells Endothelial cells
IN annuli OUT annuli
CD 34 + +
CD31 - +
NADPH diaphorase ++ +
vWF ++ +-
Occludin + +

Table 2: Comparative table of molecular phenotype between endothelial cells found in the arteriolar annuli

and in the adjacent vascular wall

A.3.2 Interstitial cells

As previously described, a new cell population has been found within the
vascular wall in the arteriolar annuli: the interstitial cells (Fig. 17). In order to

characterize these cells, different approaches were performed.

A.3.2.1 Transmission electron microscopy analysis

Ultrastructural analysis of arteriolar annuli evidenced the presence of a

cell population with irregular body shape and multiple long thin processes
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located between endothelial and smooth muscle cells (Fig. 22A). As
micrographs showed, these cells were surrounded by a well-developed basal
membrane (Fig. 22B). The cytoplasm contained numerous large and often
elongated mitochondria as well as many cisternae of smooth and rough
endoplasmic reticulum (Fig. 22B). Numerous caveolae could also be found both
in the nucleated region of the cell and in the processes (Fig. 22B). Nuclei often
showed more than one lobe. These morphological features matched most of the
ultrastructural criteria described by Huizinga et al. (1997) as “gold standard” to

define the interstitial Cajal cells (ICCs) in transmission electron microscopy.

ICCs found within the arteriolar annuli showed cell contacts with smooth
muscle and endothelial cells (Figs. 23A and 23B). These cell-to-cell contacts
presented ultrastructual morphology compatible with gap junctions. Although
many authors have demonstrated an abundant presence of cell-to-cell junctions
between ICCs as well as between ICCs and smooth muscle cells (Huizinga et
al., 1997; Sanders et al., 2002; lino et al., 2008; Huang et al., 2009), there is still
controversy about the nature of these junctions. To confirm the presence of gap
junctions between ICCs and neighboring vascular cells, the expression of

connexin 43 was analyzed by immunohistochemistry.

Figure 22: Ultrastructural analysis of interstitial cells. (A) Transmission electron microscopy evidenced
the presence of a cell population with irregular body shape and multiple processes located between
endothelial and smooth muscle cells: the interstitial cells (green). (B) Higher magnification showed the
presence of many mitochondria, caveolae and vesicles from the endoplasmic reticulum in the cytoplasm of

interstitial cells. Mi: Mitochondria; BM: Basement membrane; Ca: Caveolae. Scale bar = 142.38 nm.
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Connexins are a family of transmembrane proteins that assemble to form
gap junctions (Evans and Martin, 2002). More specifically, Connexin 43 (Cx43)
is the most widely expressed and best-studied protein found in gap junction
channels (Giepmans, 2003). Analysis by confocal laser microscopy of arteriolar
annuli, evidenced by Griffonia simplicifolia lectin histochemistry, showed the
expression of Cx43 within this structure (Fig. 23C), confirming that cells of
arteriolar annuli communicate with each other by means of gap junctions.
Although the absence of gap junctions between ICCs has been reported in
other locations (reviewed in Daniel, 2004), our results are in accordance with
many authors demonstrating an abundant presence of gap junctions between
ICCs as well as between ICCs and smooth muscle cells (Huizinga et al., 1997,

Sanders et al., 2002; lino et al., 2008; Huang et al., 2009).

Gap junctions allow the exchange of small molecules between cells
(Holder et al., 1993). Therefore, gap junctions couple metabolically and/or
electrically neighboring cells (Hoffmann et al., 2003). Thus, our results suggest
that ICs may play a role in the transmission of chemical and/or electrical signals

to endothelial and smooth muscle cells in the arteriolar annuli.

Figure 23: Analysis of cell-to-cell contacts. Transmission electron microscopy evidenced that interstitial
cells formed close contacts with smooth muscle cells (A), as well as with endothelial cells (B). The
ultrastructure of these cell-to-cell junctions was compatible with gap junctions. (C) Confocal microscopy
analysis of whole mount retinas labeled with Griffonia simplicifolia and anti-conexin 43 demonstrated the
establishment of gap junctions between cells of arteriolar annuli. Nuclei caounterstain: ToPro3. EC:
Endothelial cell; IC: Interstitial cell; SMC: Smooth muscle cell; Arrowhead: gap junctions. Scale bars: A =
393.6 nm; B =433.2 nm; C = 9.38 um.
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A.3.2.2 Molecular characterization

For many years ICCs have only been identified by non-specific
histological stains and electron microscopy (Sanders and Ward, 2006).
Recently, several specific markers have been proposed to identify these cells in

the gastrointestinal tract as well as in other locations.

c-kit is a proto-oncogen that encodes a transmembrane tyrosine kinase
receptor (Huizinga et al., 2000; Yu et al., 2008). Since Maeda and coworkers
(1992) discovered the specific expression of c-kit by ICCs in gastrointestinal
tract, this marker has become a powerful tool to identify ICCs in many locations
throughout the body. For this reason, immunohistochemical analysis of c-kit
expression was performed in whole mount retinas. No evidence of c-kit positive
cells was observed within the arteriolar annuli (Fig. 24A). Although it is generally
accepted that the discovery of c-kit positive cells is the first indication that a
tissue contains ICCs, c-kit negative ICCs have been found in urethra (Sergeant
et al., 2000), uterus (Duquette et al., 2005) and gastrointestinal tract (Torihashi
et al., 1999). Moreover, studies about the presence of ICCs in the vasculature
have shown that these cells can be both c-kit positive (Harhun et al., 2005;
Fourmey et al., 2011) and negative (Pucovsky et al., 2003; Bovryshev, 2005;

Harhun et al., 2008) depending on arteries and/or species under study.

The protein Ano1 has been identified as a highly selective molecular
marker for ICCs (Gomez-Pinilla et al., 2009). To analyze the expression of this
protein in arteriolar annuli, double immunohistochemistry for Ano1 and collagen

IV was performed. As figure 24B clearly shows, Ano1 was specifically
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expressed at arteriolar annuli. Ano1 expression has been observed in retinal
isolated smooth muscle cells (McGabon et al., 2009). However, our results are
in accordance with other authors who showed that Ano1 is excusively

expressed in ICCs (Gomez-Pinilla 2009; Huang et al., 2009).

Ano1 protein, also named TMEM16A, is a subunit of a calcium activated
chloride channel, which have been implicated in the pacemaker activity of ICCs
(Huang et al., 2009). These results have been reinforced by studies showing a
reduction of gastrointestinal motility in Ano1 knockout mice (Huang et al., 2009).
Since these mice displayed normally organized gastrointestinal smooth muscle
layers as well as normal c-kit positive ICCs, the alterations in gastrointestinal

motility were probably due to the absence of Ano1 (Huang et al., 2009).

In addition to c-kit and Ano1, the transmembrane glycoprotein CD44 can
be used as a marker to identify ICCs in murine digestive tract (Yu et al., 2008).
Double immunohistochemistry for CD44 and collagen IV demonstrated the
presence of cells strongly positive for this protein within the wall of arteriolar
annuli in the mouse retina (Fig. 24C). CD44 expression has been implicated in
the adhesion of cells to the basement proteins fibronectin and laminin

(Underhill, 1992).

In addition to ICs, some CD44-positive cells were found within the
vascular lumen of retinal vasculature (Fig. 24C). These cells may correspond to
the white blood cell lineage, since many authors have demonstrated that
expression of this glycoprotein is implicated in leukocyte homing (Haynes et al.,

1989; Underhill, 1992).
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Figure 24: Annuli interstitial cells express specific markers of interstitial Cajal cells. (A) No evidence
of c-kit positive cells was observed in arteriolar annuli during confocal microscopy analysis of whole mount
retinas double immunolabelled against c-kit (green) and collagen IV (red). (B) Maximum projection of
confocal microscopy optical sections of the whole arteriole width evidenced a strong and specific
expression of Ano 1 in arteriolar annuli. Retinas were double immunolabeled with antobodies anti-Ano 1
(green) and anti-collagen IV (red). Annuli IC express CD44 as evidenced confocal microspcopy analysis of
whole mount retinas double immunostained with antibodies against CD44 (green) and collagen IV (red).
Nuclei counterstain: Hoescht. Arrowheads: arteriolar annuli. Asterisk: leukocyte. Scale bars: A = 13.55 um;

B = 15.99 um; C = 14.36 um.
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Our study showed the expression of three unexpected molecular markers
in annuli ICs: platelet derived growth factor receptor g (PDGF-R), Neuron-glial

2 (NG2) chondroitin-sulphate proteoglycan and NADPH diaphorase.

PDGF-RpB has been widely used as a surface marker to identify pericytes
in many tissues, including mouse retinal vasculature (Ramos et al., 2013).
Immunohistochemical analysis of retinal vasculature double stained with
antibodies anti-collagen IV and anti-PDGF-RB showed that, in addition to
pericytes, ICs of arteriolar annuli were positive to PDGF-Rp (Fig. 25A). PDGF-
Rp is a member of the type Il tyrosine-kinase receptor subfamily which includes
the c-kit tyrosine-kinase receptor (Huizinga et al., 2000). In fact, PDGF and kit
receptors are structurally and functionally similar (Camborova et al., 2003). In
this regard, our results could suggest that PDGF-RB might be conducting the

tyrosine-kinase activity in the c-kit negative ICs.

NG2 is a surface marker of pericytes (Bergers and Song, 2005; Ramos
et al., 2013). In addition to pericytes, NG2 signal was observed in annuli ICs
(Fig.25B). Retinal arterial smooth muscle cells were also positive to the NG2
immunostaining, but the expression of this marker was noticeably weaker than
in ICCs (Fig. 25B). Although our results disagree with those reported by other
authors indicating that ICCs are negative to NG2 (Harhun et al.,, 2009;
Pucovsky, 2010), Lopes and coworkers (2012) have also reported an increased

expression of NG2 at arteriolar branching sites of mouse retina.
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Figure 25: Molecular characterization of annuli interstitial cells. Whole mount retinas were
immunolabeled to evidence PDGF-RpB (A) and NG2 (B). Basement membrane was also evidenced by
immunohistochemistry against collagen IV (red) (A) and (B). Confocal analysis of these retinas evidenced
a high expression of both PDGF-RB (A) and NG2 (B) in annuli interstitial cells. (C) NADPH diaphorase
expression was increased in annuli interstitial cells as well as in endothelial cells. Arrowhead: Arteriolar
annuli; SMC: Smooth muscle cell; EC: Endothelial cell; IC: Interstitial cell. Scale bars: A = 12.39 um; B =
10.58 um; C = 6.25 um.
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NADPH diaphorase histochemistry demonstrated a highly increased
expression of this enzyme in annuli ICs (Fig. 25C), together with the previously
observed overexpression in annuli endothelial cells (Fig 7C). Since NADPH
diaphorase is involved in NO synthesis (Funk, 1997), our results suggest an
increased machinery for NO signaling in annuli ICs. This result is accordance
with previous studies evidencing increased expression of proteins involved in

NO signaling in ICCs of guinea pig gastrointestinal tract (lino et al., 2008).

A.3.2.3 Analysis of cytoskeleton

Cytoskeleton is a complex network that plays many important functions in
the cell, including the maintenance of shape and internal organization, the
intracellular transport, intracellular responses and modulation of anchoring
system to basement membranes (Kivela and Uusitalo, 1998). Cytoskeleton is
formed different filamentous proteins that are classified, according to size, into
three groups: actin filaments, intermediate filaments and microtubules (Fuchs
and Cleveland, 1998; Alberts et al., 2002). Cytoskeletal filaments are expressed
in a cell and tissue specific manner. Thus, these differences are related to

specific cell functions (Kivela and Uusitalo, 1998).

Several authors have reported distinctive features for actin and
intermediate filaments in the ICCs (Pukovsky et al., 2007; Popescu et al., 2009).
To analyze the expression of flaments of annuli ICs different approaches have

been used.
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A.3.2.3.1 Actin filaments

Actin can be found as monomeric globules (G-actin) or forming polymeric
filaments (F-actin). Two types of flaments have been described: microfilaments,
and thin filaments, which are one of the main components of contractile

muscular apparatus (Bois, 1973).

Confocal microscopy imaging of whole mount retinas labeled with
phalloidin, a toxin that specifically binds F-actin, showed a differential
distribution of these filaments between ICs and smooth muscle cells in arteriolar
annuli (Fig. 26A). In ICs F-actin appeared organized into stress fibers running in
various directions. In contrast, in smooth muscle cells F-actin filaments
appeared organized into thin filaments. These filaments occupied the whole
cytoplasm. It was not possible to distinguish the individual fibers, leaving free
space only for nucleus (Fig. 26A). F-actin filaments in ICs appeared located
mainly in the periphery of the cell body as well as in the processes, appearing
many gaps between the groups of fibers. (Fig. 26A). These results completely
match the observations of Harhun and coworkers (2005) in their studies on

arterial ICCs.

Six different actin isoforms have been described in mammals. The
expression of actin isoforms has been found to be different depending on the
cell type. a-actins and some y-actin are expressed in skeletal, cardiac and

smooth muscle cells, including vascular smooth cells. In contrast, g-actin and
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Figure 26: Analysis of actin filaments in annuli interstitial cells. (A) Phalloidin histochemistry was
performed to analyze the expression and distribution of F-actin. F-actin appeared distinctly distributed in
interstitial cells with respect to smooth muscle cells. (B) a-smooth muscle actin (SMA) appeared strongly
expressed in vascular smooth muscle cells but not in annuli interstitial cells, as evidenced by
immunohistochemistry. (A) and (B) correspond to confocal microscopy images of whole mount retinas.
Arrowhead: Arteriolar annuli; IC: Interstitial cell; SMC: Smooth muscle cell. Scale bars: A = 7.92 uym; B =

5.78 um.

yl-actin are found in most muscle and non-muscle cells (Allen et al., 1996;

Kiveld and Uusitalo, 1998).

Several studies have reported differences in actin isoforms between
ICCs and smooth muscle cells in vasculature (Harhun et al., 2005 and 2009;
Pucovsky et al., 2007). ICCs do not show a-actin in contraposition with its
higher expression found in smooth muscle cells (Ciontea et al., 2005). As

expected annuli ICs do not show a-actin staining (Fig. 26B).

ICCs show higher expression of g-actin (Harhun et al., 2009). To further
analyze the expression of B-actin in the arteriolar annuli, the B-actin/EGFP

transgenic mouse was used.
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In 1997, Okabe and coworkers generated a transgenic mouse
expressing enhanced green fluourescent protein (EGFP) under the control of

the chicken B-actin promoter as a source of green fluorescent cells.

Haematoxilin/eosin stained sections of paraffin embedded retinas from f3-
actin/EGFP mice did not show any morphological alteration, thus suggesting
that retinal architecture is maintained in these mice although the EGFP

transgene expression (Fig. 27A).

Despite data of Okabe and coworkers (1997), who reported that all cells
except hair and eritrocytes expressed EGFP, green fluorescence was not
homogeneously distributed through all retinal layers (Fig. 27B). The analysis
under scan laser confocal microscopy showed an increased fluorescence in
retinal blood vessels as well as in the inner limiting membrane and in the outer
plexiform layer (Fig. 27B). An intense fluorescence emission was also observed
in cytoplasm and inner segments of photoreceptors (Fig. 27B). Since EGFP
fluorescence intensity is a quantitative reporter of differences in the tagged-
gene expression (Soboleski et al., 2005), our results suggest that p-actin is not

homogenously expressed by retinal cells.

To analyze the EGFP fluorescence in retinal blood vessels, whole mount
retinas were cytochemically stained with phalloidin (Fig. 27C). EGFP
fluorescence was not homogeneous along the vascular wall. Interestingly, two
distinct cell types could be easily differentiated in the wall of retinal arterioles
due to its brighter green fluorescence. The first cell type corresponded to

elongated interstitial cells with a thin cell body and long cytoplasmic processes
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running along the vessel axis (Fig. 27C). The second cell type showed a
smooth  muscle-like  morphology with spindle-shaped body placed

perpendicularly to vessel axis (Fig. 27C).

Smooth muscle cells change phenotype from an undifferentiated or
synthetic phenotype to a mature contractile phenotype (Worth et al., 2001). In
this regard, protein expression in these cells varies between synthetic and
mature smooth muscle cells. Mature smooth muscle cells express contractile
proteins, such as a-SMA, smooth muscle-myosin heavy chain (SM-MHC) and
calponin. In contrast, synthetic smooth muscle cells show an increased
expression of cytoskeletal proteins, like B-actin, with a concomitant decrease in
the expression of contractile proteins (Worth et al., 2001). Thus, our results
suggest the presence of synthetic smooth muscle cells in mouse retinal
arterioles. Synthetic smooth muscle cells have an increased capacity for

motility, protein synthesis and proliferation (Worth et al., 2001).
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Figure 27: Analysis of retina vasculature in p-actin EGFP mice. (A) hematoxilin/eosin stained paraffin

sections evidenced that retinal architecture was maintained in transgenic mice. (B) Confocal microscopy
analysis of B-actin EGFP mice retinas evidenced a strong fluorescent emission in blood vessels as well as
in the cytoplasm and the inner segments of photoreceptors. (C) Whole mount retinas from transgenic mice
were labelled with phalloidin and analyzed under confocal microscopy. Two highly green fluorescent cell
populations were observed within the vascular wall: interstitial cells and synthetic smooth muscle cells.
GCL: Ganglion cell layer; INL: Inner nuclear layer; ONL: Outer nuclear layer; EGFP: Enhanced green
fluorescent protein; sSMC: Synthetic smooth muscle cell; IC: Interstitial cell. A magnification: 400x; Scale
bars: B =59.3 um; C = 8.60 pum.
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The study of arteriolar annuli in phalloidin stained whole mount retinas
from B-actin/EGFP mice evidenced the presence of strongly green fluorescence
cells (Fig. 28). EGFP-positive cells also showed very low expression of f-actin,
as evidenced by phalloidin stain. This result reinforce the presence of ICCs in
arteriolar annuli, since this pattern of actin proteins expression match that
previously described for ICCs found in other blood vessels (Harhun et al., 2005;

Harhun et al., 2009).

EGFF

Figure 28: Analysis of B-actin expression in annuli interstitial cells. Retinas from p-actin EGFP
transgenic mice were labelled with phalloidin and studied under confocal microscopy. As micrographs
show, annuli interstitial cells were characterized by high expression of B-actin (green), whereas F-actin

(red) appeared restricted to the periphery. EGFP: Enhanced green fluorescent protein. Scale bar: 6.75 um.
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Actin specific expression pattern observed in annuli ICs, showing up-
regulated B-actin (Fig.28) together with down-regulated o-actin (Fig. 26B),
indicates a lack of contractility of these cells. This result is in accordance with
previous studies on isolated vascular ICCs demonstrating that this cell
population does not contract in response to the administration of several

vasoactive drugs (Povstyan et al., 2003).

A.3.2.3.2 Intermediate filaments

At least 65 different proteins have been reported to belong to the
superfamily of intermediate filaments (Herrmann and Aebi, 2004). These
proteins assemble into approximately 10nm wide filaments and provide a
flexible scaffold to the cell in order to give resistance against to externally

applied forces (Fuchs and Cleveland, 1998).

One ultrastructural criterion for the identification of ICCs is the presence
of bundles of intermediate filaments (Popescu et al., 2005). As expected,
transmission electron microscopy analysis of arteriolar annuli allowed the

observation of intermediate filaments in the cytoplasm of annuli ICs (Fig. 29).

In order to study molecularly the intermediate filaments of ICs, the

expression of four different proteins has been analyzed.
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Figure 29: Analysis of intermediate filaments. Ultrastuctural analysis of annuli interstitial cells allowed

the observation of bundles of intermediate filaments close to the cell membrane. Scale bar: 150 nm.
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Nestin is an intermediate filament protein predominantly expressed in
progenitor cells of nervous and myogenic systems, where regulates the
remodeling of cell cytoskeleton during development. Although being down-
regulated upon cell differentiation, nestin expression is reinduced during
pathological situations, such as muscular regeneration or neuroglial scar
formation (reviewed in Michalzick and Ziman, 2005). Interestingly, many authors
have reported the expression of this protein in the ICCs of several tissues
(Vanderwinden et al., 2002; Tsujimura et al., 2001; Popescu et al., 2005;

Hinescu et al., 2007).

In 2004, Mignone and coworkers generated a mouse strain that
expressed the EGFP under the control of the nestin gene regulatory elements.
These mice serve as a highly sensitive reporter system for the detection of
nestin-positive cells (Mignone et al., 2004) and we use them to analyze the

presence of nestin in ICs.

Haematoxilin/eosin stained sections of paraffin embedded eyes from
nestin-EGFP transgenic mice did not show any morphological alteration,
indicating that EGFP transgene expression do not produce morphological

defects in the retina of these mice (Fig. 30A).

EGFP fluorescence was more evident in a retinal population of cells with
their nuclei located in the inner nuclear layer. Moreover, the cytoplasm of these
cells extended from the inner to the outer limiting membranes (Fig. 30B). This
disposition matched the morphology of Mduller cells. In order to verify their

nature, glutamine synthetase (GS), a specific marker for retinal Muller cells
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Figure 30: Analysis of retinas from nestin-EGFP transgenic mice. (A) Haematoxilin/eosin stain of
retinal paraffin section showed that transgen expression did not cause morphological alterations in retinal
vasculature. (B) Analysis of retinal sections under confocal microscopy showed specific green fluorescent
emission in cells resembling Miiller cells. (C) Confocal microscopy showed high colocalization (yellow)
between GS immunlabeling (red) and EGFP emission (green), indicating that Mdller cells expressed
nestin. GCL: Ganglion cell layer; INL: Inner nuclear layer; ONL: Outer nuclear layer; EGFP: Enhanced
green fluorescent protein; GS: Glutamine synthetase. Magnification A: 400x; Scale bars:; B = 38.64 um; C

= 34.57 pm.
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(Hojo et al., 2000), was used. Confocal laser microscopy analysis confirmed
that EGFP-positive cells were mainly Muller cells (Fig. 30C). Although several
authors have reported the expression of nestin by reactive Muller cells (Xue et
al., 2006; Luna et al., 2010; Xue et al., 2011; Lee et al., 2012), the nestin-EGFP
transgenic mouse analysis suggested that nestin is expressed in Muller cells of

healthy mature mouse retina.

In order to analyze the nestin expression in arteriolar annuli, nestin-
EGFP whole mount retinas were immunostained with an anticollagen IV
antibody (Fig. 31). Strongly fluorescent cells were found in ICs of arteriolar
annuli (Fig. 31). The EGFP expression occupied both nucleus and cytoplasm of
these cells revealing its elongated morphology. Thus, confirming that arteriolar
annuli ICs express nestin in a differential manner. Previous studies have
demonstrated a specific expression of this intermediate filament in ICCs of

gastrointestinal tract (Tsujimura et al., 2001).

It has been reported that dynamic integration of the three distinct types of
cytoskeletal filaments is needed for modulation of mechanical strength (Kanaya
et al., 2005). Nestin possess a long carboxy-terminal which act as a linker
among intermediate filaments, microfilaments and microtubules (Hermann and
Aebi, 2000). Thus, nestin could play a role in coordinating cytoskeletal

dynamics in arteriolar annul ICs.
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Figure 31: Analysis of nestin expression in annuli interstitial cells. Whole mount retinas from nestin-
EGFP mice were immunostained with anti-collagen IV antibody (red) to evidence retinal vasculature.
Confocal microscopy analysis evidenced high EGFP fluorescent emission (green) in annuli interstitial cells,

indicating that nestin is expressed in these cells. Scale bar: 4.38 um.

Vimentin forms intermediate filament and is commonly used as a marker
for mesenchymal cells (Fraga et al., 1998; Schneider et al., 2010). High
expression of vimentin in ICCs has been demonstrated by many authors in

several tissues (Sircar et al., 1999; Popescu and Hinescu, 2005; Hinescu et al.,
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2006). In order to ascertain if ICs of arteriolar annuli express vimentin, double

immunohistochemistry for this protein and collagen IV was performed in whole

Vimentin Vimentin /

Desmin Desmin /

|
Ll
L

L

Figure 32: Expression of intermediate filaments in arteriolar annuli. Confocal maximum projections of
optical sections of the whole arteriolar width showed no expression of vimentin (A), desmin (B) and GFAP
(C) intermediate filaments in arteriolar annuli. Desmin (B) and GFAP (A) expression was restricted to glial
cells. Retinas were double immunostained using specific antibodies against intermediate filaments
together with anti-collagen IV antibody (red) to evidence retinal vasculature. Nuclei counterstain: Hoescht.

Arowhead: Arteriolar annuli; Arrow: glial cell; GFAP: Glial fibrilary acidic protein. Scale bars: A = 13.78 pum;

B =7.86 um; C =10.31 um.

149



mount retinas (Fig. 32A). In contraposition with previous results, laser confocal
microscopy analysis demonstrated that vimentin was not expressed in annuli

ICs (Fig. 32A).

The expression of intermediate filament proteins desmin and GFAP,
which normally are exclusively expressed by neuroglial cells, was tested by
immunohistochemistry in the arteriolar annuli. As expected, laser confocal
analysis showed that desmin (Fig. 32B) and GFAP (Fig. 32C) immunoreactivity

was restricted to glial cells.

A.3.3 Smooth muscle cells

In order to characterize smooth muscle cells in the arteriolar annuli,
transmission electron microscopy as well as inmunohistochemical and

histochemical techniques were performed.

A.3.3.1 transmission electron microscopy analysis

Ultrastructual analysis of arteriolar annuli showed that smooth muscle
cells formed exclusively a single layer surrounding the ICs (Fig. 33A). No
morphological differences were observed in the smooth muscle cells found
within arteriolar annuli when compared with the same cell type in the vessel wall

adjacent to the branching site (Fig 33A).
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The presence of a sphincter within arteriolar annuli has long been under
discussion. While some authors have described a sphincter-like activity in the
origin of retinal precapillary arterioles in several species (Thuranszky, 1947;
Menschik and Dovi, 2005; Yi Yu et al., 2005), many others have reported the
absence of such structure in arteriolar annuli (Friedman et al., 1964; Henkind
and De Oliveira, 1968; Pannarale et al., 1996). True sphincters are defined as a
multilayered circumferential arranged smooth muscle cells capable of closing
the vessel lumen (Pannarale et al., 1996). However, we never observed this
morphology during ultrastructural studies of arteriolar annuli. In fact,
transmission electron microscopy analysis clearly showed that cells bulging into
the lumen at arteriolar branching sites do not correspond to smooth muscle

cells but to ICs (Fig. 22A).

In addition, ultrastructural analysis revealed the presence of peg-and-
socket junctions interconnecting smooth muscle cells at the arteriolar annuli
(Fig. 33B). Peg-and-socket junctions consist of a cell process, the so-called
peg, getting into a tightly fitting invagination (socket) of a neighboring cell
(Thuneberg and Peters, 2001). Several authors have reported the presence of
this kind of junctions between smooth muscle cells in the small intestine
(Thuneberg and Peters, 2001; Huizinga et al., 2010) as well as coupling
pericytes and endothelial cells in human retinal capillaries (Carlson, 1989). Peg-
and-socket junctions have also been described between ICCs and smooth
muscle cells in mouse and human small intestine (Huizinga et al., 2010).
However, our observations of mouse arteriolar annuli under transmission
electron microscopy did not reveal the presence of peg-and-socket junctions

between ICs and smooth muscle cells.
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Thuneberg and Peters (2001) reported that peg-and-socket junctions
may function as stretch sensors between smooth muscle cells. Smooth muscle
cells contract in response to stretch (Thuneberg and Peters, 2001). When a
smooth muscle cell contracts, its socket stretches the peg causing the
contraction of the coupled cell, thus acting as a mechanical transmitter of
contraction. In this regard, our results suggest that smooth muscle cell
contraction at arteriolar annuli is coordinated by the peg-and-socket stretch-

sensitive coupling.

A.3.3.2 Molecular characterization

Smooth muscle cells have been studied by means of phalloidin

histochemistry and a-SMA immunohistochemistry.

The use of confocal microscopy allowed scanning separate optical
sections of the whole arteriole width. Then, digital three dimensional
reconstructions of the optical sections were performed to study the arrangement
of vascular smooth muscle cells at arteriolar annuli (Fig. 33C). Normally
smooth muscle cells appeared orientated perpendicular to the main axis of the
arteriole. However, arteriolar annul were characterized by a change in the
orientation of smooth muscle cells, which became arranged in the direction of
the collateral arteriole. In addition, some smooth muscle cells of main vessel got
divided to embrace the origin of the stem vessel. Specific immunohistochemical
labeling of smooth muscle cells with anti-a-SMA antibody showed the same

characteristic disposition of these cells in arteriolar annuli (Fig. 33D). Our results
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Figure 33: Structural and molecular analysis of annuli smooth muscle cells. (A) Transmission
electron microscopy analysis showed a single layer of smooth muscle cells (digitally coloured in red) in the
arteriolar annuli, indicating the absence of a true sphincter at such level. (B) Higher magnification
evidenced the presence of peg-and-socket junctions coupling smooth muscle cells in arteriolar annuli. (C)
The specific histochemical stain of F-actin (red) with phalloidin was analyzed under confocal microscopy.
Maximum projection of optical sections allowed observing a change in the disposition of smooth muscle
cells, which reoriented to embrace the origin of collateral arteriole. (D) immunohistochemical labelling of a-
smooth muscle actin (-SMA) confirmed the results obtained by phalloidin stain. Nuclei counterstain:
ToPro3. Arrow: Peg-and-socket junction; Arrowhead: Arteriolar annuli. Scale bars: A = 392.85 nm; B =
10.41 pm; C = 10.01 pm; D = 9.08 um.
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are in accordance with the observations of Pannarale and coworkers (1996),
who reported similar changes in the disposition of smooth muscle cells found at

arteriolar branches of semicorroed rat retinal vascular casts.

A.3.4 Blood vessel basement membrane

Transmission electron microscopy and inmunohistochemical analyses
were performed in order to ascertain morphology of basement membranes in

arteriolar annuli.

A.3.4.1 Transmission electron microscopy analysis

Ultrastructutral analysis of arteriolar annuli evidenced a great thickening
of the basement membranes in the arteriolar annuli (Fig. 34B) when compared
with the arteriolar wall adjacent to the branching site (Fig. 34A). In addition,
these studies showed a change in the aspect and texture of basement
membranes (Figs. 34A and B). While basement membrane of arteriolar wall
appeared with a uniform aspect, thin and closely associated with vascular cells
(Fig 34A), arteriolar annuli showed basement membranes with irregular
thickness and a loose multilayered disposition, leaving electronlucide spaces

among the different layers (Fig 34B).
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il m o m

Figure 34: Ultrastructure of basement membrane in arteriolar annuli. Transmission electron
microscopy evidenced differential structure and thickness of annuli basement membrane (digitally coloured
yellow) when compared with that of regular arteriolar wall (A). (B) Annuli basement membrane showed
irregular thickness and a loose multilayered disposition. SMC: Smooth muscle cell; BM: Basement
membrane; EC: Endothelial cell; IC: Interstitial cell. Scale bars: A = 249.16 nm; B = 358 nm.
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A.3.4.2 Molecular characterization and organization

To analyze extracellular matrix modifications more deeply, three main
components of blood vessel basement membrane were studied by

immunohistochemistry in whole mount retinas.

Collagen IV is the most important structural protein of basement
membrane (Gelse et al., 2003). Confocal microscopy examination of whole
mount retinas immunolabeled with an anti-collagen IV antibody showed an
increase of this protein at the arteriolar annuli (Fig. 35A). The quantification of
fluorescence intensity evidenced that the increased collagen IV expression in
arteriolar annuli was statistically significative (mean intensity in arteriolar annuli
= 84.90 + 8.48 VS mean intensity in adjacent vessel wall = 48.05 + 8.81; p =
0.0002). Collagen IV acts as a scaffold of basement membrane network, giving
rigidity to this structure (Timpl et al., 1979). Thus, our results suggest a

reinforcement of the basement membrane at arteriolar annuli.

Laminin, the most abundant non-collagenic protein of vascular basement
membrane (Dumortier et al., 1998), appeared also increased at arteriolar annuli
(Fig. 35B). Confocal microscopy quantification of fluorescence intensity
demonstrated that differences on laminin expression between arteriolar annuli
(mean intensity = 59.0319.91) and adjacent basement membrane (mean
intensity = 36.60+6.13) were statistically significative (p = 0.0024). This result is
in accordance with those previously reported by Lopes and coworkers (2012),
showing a specific increased expression of laminin at arteriolar branching sites

of mouse retinal vasculature.
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Figure 35: Expression of basement membrane proteins in arteriolar annuli. Whole mount retinas
immunolabelled with antibodies against collagen IV (A), laminin (B) and fibronectin (C) were analyzed with
a confocal microscope. To quantify proteins of the whole arteriolar wall, maximum projections of optical
sections of the whole arteriole width were performed. The expression of collagen IV (A), laminin (B) and
fibronectin (C) was increased. As bargrphs show, differences in protein expression were statistically
significant. ROI 1: Arteriolar annuli; ROI 2: regular arteriolar wall; Asterisk: p < 0.05. Scale bars: A = 10.23
pm; B =16.06 um; C = 17.20 pm.
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In addition to collagen IV and laminin, the expression of fibronectin, the
main adhesion protein of connective tissue (Cooper and Hausman, 2010), was
increased at arteriolar annuli (Fig 35C). The quantification of fluorescence
intensity sowed that the increased expression of fibronectin at arteriolar annuli
when compared with adjacent vessel wall (27.62 + 13.31 VS 13.31 + 2.517)

was statistically significative (p = 0.0170).

Ultrastructural analysis showed morphological modifications in the
organization of arteriolar annuli extracellular matrix (Fig. 34). To confirm this
morphological fact, colocalization was analyzed in whole mount retinas double
immunostained against collagen IV and laminin. As expected a disorganization,
evidenced by the reduction in the colocalization of collagen IV and laminin, was
observed in arteriolar annuli (Fig 36). The overlap coefficient and colocalization
rate, two parameters used to quantify colocalization (Manders et al., 1993;
Zinchuk et al., 2007; Bratic et al., 2011), indicated that the decrease of
colocalization found in arteriolar annuli was statistically significant (overlap
coefficient: arteriolar annuli = 0.8831+0.037 VS adjacent vessel wall =
0.9794+0.0029; p = 0.0327. Colocalization rate: arteriolar annuli = 64.38+6.66%

VS adjacent vessel wall = 96.41+2.64%; p = 0.0015).
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Figure 36: Analysis of colocalization in annuli basement membrane. Double immunohistochemistry
with antibodies against collagen IV (green) and laminin (red) were performed in whole mount retinas to
analyze colocalization with confocal microscopy. As bar graphs show overlap coefficient and colocalization
rate, two parameters used to quantify colocalization, were diminished in arteriolar annuli. Differences
between colocalization in arteriolar annuli a regular vascular wall was statistically significant. ROl 1:

Arteriolar annuli; ROI 2: Regular arteriolar wall; Asterisk: p < 0.05. Scale bar: 17.5 um.
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Basement membrane Basement membrane

Protein IN annuli OUT annuli
Collagen IV ++ +

Laminin ++ +
Fibronectin ++ +

Table 3: Comparative table of protein expression between basement membrane in the
arteriolar annuli and in the adjacent vascular wall

Taken together, our results indicate a distinctive molecular and cellular
phenotype in arteriolar annuli in comparison with other vascular localizations
(Table 4). Thus, suggesting a specific function for arteriolar annuli in mouse

retina.
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Protein Endothelial cells ICs Smooth muscle cells

CD34 + - -
CD31 - - -
NADPH diaphorase + - -
vWF + - -
C-kit - - -
Anol - + -
CD44 - + -
PDGF-RpB - ++ +
NG2 - ++ +
Connexin 43 + + +
F-actin - + ++
a-SMA - - +
B-actin - + -
Nestin - + -
Vimentin - - -
Desmin - - -

Table 4: Recapitulative table of molecular phenotype in cells of arteriolar annuli.

A.4 Functional analysis of arteriolar annuli

Autoregulation is an important functional characteristic of the retinal

circulation (Pannarale et al., 1996). Although many studies have demonstrated
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the capacity of the retina to maintain constant blood flow despite variations of
perfusion pressure (Riva, 1981; Pournaras, 2008; Kur 2012), the presence of
specific sites of blood flow regulation within retinal vasculature is still under

discussion.

In the middle of the last century, arteriolar annuli were proposed to
regulate blood flow acting as sphincter-like structures (Thuranszky, 1957).
However, the evidence for such activity has been not yet elucidated, because
studies in retinal vascular dynamics do not evidence vascular constrictions at
the arteriolar branch points (Friedman et al., 1964). Our results studying flat
mounted indian ink injected retinas evidenced a spontaneous and specific
contractile activity in arteriolar annuli (Fig. 37A and B). Unlike what happens
with the distal segments of the side-arm branch that they did not constrict (Fig.
37A and B). These results completely agree with the observations of Yu and
coworkers (2005), who observed similar activities in the arteriolar branching

points of pig retina.

Ultrastructural analysis, as we have already seen, evidenced the
absence of a true sphincter in arteriolar annuli (Fig. 33A), since multilayered
smooth muscle cell structures surrounding arteriolar branches have never been
observed. However, the arteriolar annuli morphological analysis showed
reoriented smooth muscle cells that are able to reduce vascular lumen by
bulging ICs and endothelial cells (Figs. 33C and D) to the vascular lumen.
Although these structures could not be considered as “true” sphincters, these
results suggest the existence of sphincter activity at the arterial annuli.

Pouiseuille’s law, governing laminar flow, demonstrates an inverse exponential

162



Annulus lumen
diamater

S
'..'5
£2
]
-
=c
3t
P
o

0 5 10 g 5 10
time (s) time (s)

Figure 37: Analysis of arteriolar annuli spontaneous sphincter-like activity. (A) Time lapse images of
arteriolar side-arm branch evidenced spontaneous constrictions and dilations of arteriolar annuli. By
contrast, the more distant region of the branch did not noticeably constrict. (B) Graphical representation of
vascular lumen diameters evidenced that sphincter-like activity was restricted to arteriolar annuli. Images

were acquired every 5 seconds. Scale bar: 62.69 um.
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relationship between fluidic resistance and vessel diameter (Guyton and Hall,
2006). Slight reductions in lumen diameter could cause great modifications in
blood flow (Guyton and Hall, 2006). Hence, our results suggest that arteriolar
annuli may play a significant role in regulation of blood flow in the capillary

network.

A.4.1 Calcium events

Arterial contraction is due to increases of intracellular calcium
concentration in smooth muscle cells (Lamboley et al., 2005). ICCs have been
shown to generate calcium oscillations in the middle cerebral artery, indicating
that they participate in the rhythmical activity of arteries (Harhun et al., 2009).
To analyze calcium dynamics in arteriolar annuli, flat mounted retinas were
stained with the calcium sensitive dye fluo-4 (Fig. 38). Preliminary in vivo
scanning laser confocal studies showed that without external stimuli, ICs and
smooth muscle cells of arteriolar annuli showed little or no calcium activity (Fig.
38B and C). These results are in accordance with those previously reported by
Pucovsky (2010), who observed very low calcium activity in arterial ICCs. Low
calcium activity in the arterial annuli could be produced by the NO activity, as it
has been previously described for the intestinal ICCs (Bayguinov et al, 2010).
The increased capacity of endothelial cells in the annuli to produce NO (Fig. 7C)
can be a cause of the decline of annuli calcium activity. This fact would inhibit
the annuli contraction, maintaining the opening of the lumen at the branching

site ensuring the blood flow.
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Histamine triggers the release of calcium from internal stores causing a
transient rise of cytosolic calcium in smooth muscle cells (Kotlikoff et al., 1987).
In addition, histamine causes an acceleration of pacemaker activity and calcium
slow waves of ICCs (Hashitani and Lang, 2010). Histamine administration on
cultured retinas caused a transient rise in cytosolic calcium of both ICs and
smooth muscle cells of arteriolar annuli (Fig. 38B and C). In contrast,
endothelial cells did not show calcium activity in response to the drug

administration (Fig. 38B and C).

Figure 38: Analysis of calcium dynamics in arteriolar annuli. (A) Representative image of arteriolar
annuli during calcium analyses. Doted line outlines the retinal arteriole. Coloured lines encircle cells under
study: interstitial cell (green), smooth muscle cell (red), endothelial cell (yellow) and glial cell (blue). (B)
Colour coded confocal microscopy images evidenced changes in Fluo 4 fluorescence emission before (left
image) and after (right image) histamine administration. Purple correspond to low emission and pink
indicates high fluorescence. (C) Representative traces of calcium transient changes in response to
histamine administration. As can be seen, histamine caused a transient calcium rise in glial (blue line),
smooth muscle (red line) and interstitial (green line) cells, whereas no change in calcium concentration
was observed in endothelial cells (yellow). (D) Normalization of intensity values demonstrated different
calcium dynamics between interstitial (green line) and smooth muscle (red line) cells. Scale bars: A =

15.05 um; B = 31.71 pm.

165



Fluorescence intensity
{arbitrary units)

Fluorescence intensity =
{arbitrary units)

100 5

Fluo 4 IP

Drug )
administration — Glial eell

— I
I — Smooth muscle
— Endothelial cell

VR -
'-"“'-""_Ill-rr, il "F (| ',-ﬂ"-'-“ l_mﬁ..l;ul AR

120

100 -

- |C
== Smooth muscle

166



Vascular ICCs and smooth muscle cells show marked differences in
intracellular calcium events that indicate different physiological roles (Harhun et
al., 2005). As figure 38C shows, annuli ICs showed longer-lasting calcium
events than smooth muscle cells. This result agrees with previous calcium
analyses in mesenteric arterial ICCs (Pucovsky et al., 2003). In addition,
smooth muscle cells displayed calcium events of higher intensity than ICs in
arteriolar annuli, as evidenced when fluorescence intensity values were

normalized to compare the intensity of calcium changes (Fig. 38D).

Calcium release in ICCs causes a depolarization that leads to an
activation of calcium activated chloride channels (Harhun et al., 2005), and this
seems to be critical for smooth muscle function in many tissues (Huang et al.,
2009; McGabon et al., 2009). In order to test if calcium rises in annuli ICs and
smooth muscle cells corresponded to contractile activity, arteriolar diameter in
histamine treated retinas was assessed. As expected, time-lapse imaging of

Indian ink injected retinas evidenced that histamine caused transient

Figure 39: Arteriolar annuli contraction in response to histamine administration. (A) Histamine
administration during time-lapse analysis of Indian ink injected retinas caused specific long-lasting
transient contraction of arteriolar annuli. (B) By contrast, no contractile activity was observed in
dichotomous branching in response to histamine administration. (A) and (B) correspond to confocal
microscopy time-lapse analysis images. Images were taken every 2 seconds. t = 0: histamine
administration; t = 1: 150 seconds after histamine administration; t = 3: 250 seconds after histamine

administration. Scale bars: A = 14.50 um; B = 14.60 pm.
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contractions in arteriolar annuli (Fig 39A and C). By contrast, arteriolar
dichotomous branching sites did not contract either spontaneously or in
response to histamine administration (Fig. 39B and C). Thus, suggesting a
specific contractile activity of arteriolar annuli in response to this vasoactive

molecule.

Taken togeteher, our results in calcium dynamics, the expression of
calcium-activated chloride channels in annuli ICs, evidenced by Ano1
expression (Fig. 24B), and the specific contractile activity in response to
histamine administration, suggest that ICs could play a role in the regulation of

vascular tone in the arterial annuli.

Perivascular glial cells close to arteriolar annuli also showed transient
rises of intracellular calcium in response to histamine administration (Fig. 38B
and C). Metea and Newman (2007) have reported that glial cells respond to
increased neuronal activity by increasing their intracellular calcium levels and,
as a consequence, releasing vasoactive substances to generate

vasoconstriction or vasodilation.

A.4.2 Neurovascular coupling

Retinal function requires a finely tuned blood flow regulation in order to
match local metabolic needs (Pournaras et al., 2008). According to this,
increased neuronal activity in a localized region of the retina evokes increased

blood flow to that region, in a phenomenon called functional hyperaemia (Riva
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et al., 2005). Due to its location in close contact with both neurons and blood
vessels, glial cells have been proposed to mediate this response (Metea and
Newman, 2006). Thus, a coordinated interaction between neurons, glia and
vascular cells is needed, forming what has been called neurovascular unit

(Metea and Newman, 2007).

Analysis of whole mount retinas from nestin-GFP transgenic mice
revealed the existence of GFP-positive perivascular cells emitting processes
that entered to the arteriolar annuli through gaps in the basement membrane,
evidenced by collagen IV inmunolabeling (Fig. 40A). Cellular processes
crossing basement membrane were in close contact with annuli ICs (Fig. 40A).
As expected by our previous results (Fig. 30C), triple immunohistochemistry
labeling collagen 1V, GS and GFP in retinas from nestin-GFP mice revealed that
processes crossing the blood vessel basement membrane corresponded to

Mdller cells (Fig. 40B).

Glial cells respond to increased neuronal activity by releasing vasoactive
substances (Metea and Newman, 2007). Such vasoactive substances include
NO (Goldstein et al., 1996; Haverkamp et al., 1999) and arachidonic acid
metabolites (Mishra et al., 2011). In gastrointestinal tract, NO released from
nerve terminals acts over ICCs, which in turn transmit an electrical response to
smooth muscle cells via gap junctions (lino et al., 2008). Our results could
indicate that ICs in arteriolar annuli, which are in close contact with Muller cells
(Fig. 40A and B) and smooth muscle cells (Fig. 23), may play a key role as

mediators in neurovascular coupling.
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A.4.3 Function during experimental hypoxia

Functional magnetic resonance imaging has shown that local stimulation
of neuronal activity in an certain area of the retina results in increased blood
flow largely confined to that area (Duong et al., 2002; Srienc et al., 2010),
demonstrating that retina possesses mechanisms for functional hyperemia (Kur
et al., 2012). Sphincter-like vasoconstrictions of vascular branching sites in the
retina have been proposed to underlie a controlled closing of certain collateral

branches to maximize blood flow to other areas (Metea and Newman, 2007).

Previous results of our group have demonstrated the presence of arterio-
arteriolar shunts in the mouse retinal vasculature (Ramos et al., 2013). In these
areas, arterioles communicate directly to each other by a network of capillaries

(Fig.41A and B). The analysis of the distribution of arteriolar annuli showed an

increased number in the arterio-arteriolar shunts areas (Fig. 41C). These results
indicating a specific distribution of arteriolar annuli suggest an increased

capacity to regulate blood flow at arterio-arteriolar shunts.

Figure 40: Analysis of neurovascular coupling. (A) Whole mount retinas from nestin-EGFP mice were
immunolabelled with anti-colagen IV antibody (red) and analyzed by confocal microscopy. As micrograph
show, processes from perivascular nestin positive cells crossed basement membrane to contact annuli
interstitial cells (arrowhead). (B) Triple immunolabeling of paraffin sections using antibodies against
collagen IV (red), EGFP (green) and GS (yellow) evidenced that processes crossing basement membrane
(arrowhead) corresponded to Miiller cells. Nuclei counterstain: Hoeshct. Scale bars: A = 2.68 um; B = 6.49

pm.
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Figure 41: Analysis of the presence of arteriolar annuli in arterio-arteriolar shunts. (A) Normally,
arterioles communicate with venules through a meshwork of capillaries. (B) However, direct
communications between arteries were also observed. (A) and (B) correspond to confocal micrsocopy
images of whole mount retinas immunostained with anitcollagen IV (green) to evidence retinal vasculature.
Phalloidin labeling (red) was used to mark smooth muscle cells. Note that phalloidin is less abundant in
venules and almost inexistent in capillaries. (C) Griffonia simplicifolia (GSA) staining evidenced a
increased number of arteriolar annuli occurring in arterio-arteriolar shunts (image on the right) when
compared to regular vascular pattern (microgaph on the left). Bar graphs show that differences in annuli
number were statistically significant. a: arteriole; v: venule; ROI 1: arteriolar branches in a regular vascular
area; ROI 2: arteriolar branches of arterio-arteriolar shunt; asterisk: p < 0.05. Scale bars: A = 302.69 um; B
= 287.56 um; C = 295 um.

173



To test this hypothesis, a mouse model of retinal hypoxia induced by a
partial chirurgical ligature of common carotid arteries, was intravenously
injected with pimonidazole (Fig. 42). Pimonidazole is a chemical compound that
specifically binds thiol-containing proteins in hypoxic cells (Varia et al., 1998),
and it has been widely used as a marker of retinal hypoxia (Gooyer et al., 2006;
Wright et al., 2010; Mowat et al., 2010). Immunohistochemical detection of

pimonidazole showed a great reduction in the number of hypoxic cells in the

Figure 42: Analysis of arteriolar annuli function during experimental hypoxia. (A) Immunodetection
of pimonidazole (red) in whole mount retinas from a mouse model of retinal hypoxia, showed that most
cells located in areas were retinal arterioles communicate with venules were hypoxic. (C) By contrast, in
areas were arterio-arteriolar shunts occurred the number of hypoxic cells was greatly reduced. Arterio-
arteriolar shunts are related to an increased presence of arteriolar annuli, suggesting a role of these

structures in directing blood flow to certain areas. Scale Bars: A = 28.15 um; B = 27.79 um.
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arterio-arteriolar shunts, when compared with areas where arterioles
communicate directly with venules (Fig. 42A and B). Thus, retinal areas
resistant to hypoxia are associated with an increased presence of arteriolar
annuli (Fig 41C), suggesting that blood flow can be directed to this specifically
protected areas by specific contraction and dilatation of the arterial annuli

sphincters.
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B. ALTERATIONS OF ARTERIOLAR ANNULI DURING

RETINOPATHY

Retinal blood flow is altered in many diseases affecting the eye, including
diabetic retinopathy (Ashton, 1953; Clermont and Bursell, 2007; Pournaras et
al., 2008), hypertensive retinopathy (Ramalho and Dollery, 1968), glaucoma
(Flammer et al., 2002) and age-related macular degeneration (Kur et al., 2012).
Our previous results suggest a role of arteriolar annuli in the maintenance and
regulation of retinal blood flow. Thus, alterations of arteriolar annuli could be

implicated in the impairment of retinal circulation during retinopathy.

B.1. Diabetic retinopathy

Diabetes mellitus is one of the most common chronic diseases in the
world, and its prevalence is expected to increase to affect 500 million people in
2030 (Shaw et al., 2010). Type 2 diabetes, a disease closely associated with
lifestyle and obesity, accounts for almost 90% of global cases of diabetes and is
becoming a global pandemic (Zimmet et al., 2001). Diabetic retinopathy, a
common and specific microvascular complication of diabetes (Tapp et al., 2003;
Cheung et al., 2010), is one of the main causes of acquired blindness in the
western world (Cai and Bulton, 2002; Ahmed et al., 2010). Hallmarks of

diabetic retinopathy include many vascular alterations (Ramos et al, 2013).
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Animal models have become an essential tool for the understanding
diabetic retinopathy pathogenesis. In this regard, to analyze alterations of
arteriolar annuli during diabetic retinopathy, retinas from db/db mice were

studied.

db/db (Lepr®™) mice, homozygous for a mutation in the gene encoding the
OB-R receptor for leptin (Chen et al., 1996), spontaneously develop type 2
diabetes (Coleman and Hummel, 1967). As expected, 8 month old db/db mice
showed increased body weight (Fig. 43A) and blood glucose levels (Fig. 43B),
when compared with age-matched control mice. In retinas from db/db mice,
signs of diabetic retinopathy such as atrophy of inner and outer nuclear layers
(Fig. 43C) as well as glial reactivation (Fig. 43D) were evident. To assess
alterations of arteriolar annuli during type 2 diabetes, whole mount retinas from
db/db mice were labeled with Griffonia simplicifolia (Fig. 44). As figure 44
evidences, annuli ICCs from diabetic retinas showed a marked decrease in
lectin binding. Confocal quantification of fluorescence intensity demonstrated
that differences in lectin binding between arteriolar annuli from db/db and
control mice retinas were statistically significant (Flourescence intensity in
diabetic arteriolar annuli = 54.48 + 4.74 VS fluorescence intensity in control
arteriolar annuli = 97.92 + 9.73; p = 0.0009). Since Griffonia simplicifolia stains
glycogen (Fig. 3), these results suggest that glycogen content is reduced in
annuli ICs of db/db mice. This result is reinforced by previous experiments
indicating that insulin resistance in type 2 diabetes is closely associated with a
defect in the activation of glycogen synthase, driving to impaired glucose

storage as glycogen (Vaag et al., 1991).
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Figure 43: Analysis of retinas from db/db mice. (A) As bar graphs show, db/db mice were obese and
hyperglycaemic. (B) Haematoxilin/eosin stained paraffin sections of db/db mice retinas showed a
decreased number of cells in both inner and outer nuclear layers. (C) Glial reactivation was evident in
retinas from db/db mice immunostained with an antibody against GFAP. Nuclei counterstain: Hoescht. CT:

Control mice. Magnification A: 400x; Scale bars: D (left panel) = 121.72 um; D (right panel) = 39.10 um.
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ICC damage is closely associated to smooth muscle changes and seems
to be implicated in diabetic intestinal motility disorders in db/db mice
(Yamamoto et al., 2007; Huizinga et al., 2009). According with this reasoning,

the alteration observed in the retinal ICs of db/db mice could be a cause for
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Figure 44: Analysis of arteriolar annuli during diabetic retinopathy. Whole mount retinas from control
(A) and db/db (B) mice were labelled with Griffonia simplicifolia (GSA) (green) and anti-collagen IV (red) to
analyze annuli morphological alterations during type 2 diabetes. A great reduction of Griffonia simplicifolia
labelling was evident in annuli of db/db mice retinas. (C) Bar graphs evidence that differences in GSA
labelling were statistically significant. Nuclei counterstain: hoescht. Arrowhead: arteriolar annuli; Asterisk: p
< 0.05. Scale bars: A =11.34 um; B = 15.59 pm.
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the induction of impaired blood flow during diabetic retinopathy, since our
results have previously suggested a role of annuli ICs in retinal calcium

dynamics, vasomotor responses and blood flow regulation (Fig. 38).

B.2 Hypertensive retinopathy

Hypertension is a condition that affects one billion people worldwide
(Grosso et al., 2005). Sustained elevation of blood pressure induces a greater
risk for cardiovascular diseases (Porta et al., 2005). The retina is especially
sensitive to sustained elevations of blood pressure, even during bening
hypertension (Garner et al., 1975). Each 10 mmHg increase in mean arterial
pressure produces a reduction of 6 microns in retinal arteriolar diameters (\WWong

et al., 2005).

In order to study the alterations of arteriolar annuli during hipertensive
retinopathy, retinas from 8 to 11 month-old KAP transgenic mice were analyzed.
KAP transgenic mice overexpress the kidney androgen-regulated protein (KAP)
driven by its own promoter (pKAP2-KAP) in a cell- and androgen- restricted
manner (Tornavaca et al., 2009). As expected, tail-cuff measurements of
arterial pressure have shown that KAP transgenic male mice develop
hypertensive phenotype at 4 months of age. In these mice, arterial pressure

increases from 4 to 6 months, stabilizing at 7 months of age (data not shown).
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Figure 45: Analysis of retinas from KAP transgenic mice. (A) Paraffin sections stained with
haematoxylin and eosin evidenced a great reduction in cell number of transgenic retinas when compared
with wild type mice. (B) Immunostaining of paraffin sections with an anti-GFAP antibody showed glial
reactivation in retinas from transgenic mice. Nuclei counterstain: Hoescht. WT: Wild type; GCL: ganglion
cell layer; INL: Inner nuclear layer; ONL: Outer nuclear layer. Magnification A: 400x; Scale bars: B (left) =
32.32 um; B (right) = 27.58 pm.

Retinas from KAP transgenic mice showed an apparent reduction in cell
number (Fig. 45A) and glial activation (Fig. 45B), both signs indicative of

retinopathy (Francke et al., 2003; Calandrella et al., 2007; Fletcher et al., 2010).

More detailed arteriolar analysis using immunohistochemical labeling of a-SMA
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demonstrated increased wall thickness in KAP transgenic mice (Fig. 46A).
Moreover, collagen IV immunohistochemistry of whole mount retinas showed
focal arteriolar narrowing and arteriolar nicking in KAP transgenic mice (Fig

46B).
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Figure 46: Analysis of retinal vasculature in KAP transgenic mice. (A) Immunohistochemical detection
of a-smooth muscle actin (-SMA) in paraffin sections of wild type (left image) and KAP transgenic
(micrograph on the right) mice showed an increase in the media layer of hypertensive mice vasculature.
Bar graph evidences that differences in wall thickness were statistically significant (p < 0.05; n = 4). (B)
Confocal microscopy studies in whole mount retinas immunostained with anti-collagen IV (red) antibody
evidenced focal narrowing in arterioles of KAP transgenic mice. WT: Wild type; GCL; Ganglion cell layer;
Arrowhead: focal arteriolar narrowing. Scale bars: A (WT) = 9.70 um; A (KAP) = 9.48 um; B (WT) = 39.40

um; B (KAP) = 38.32 um.
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All these vascular changes observed in KAP transgenic mice are
compatible with mild hypertensive retinopathy (Grosso et al., 2005; Wong and

Mclintosh, 2005).

To assess alterations of arteriolar annuli during hypertensive retinopathy,
double immunohistochemistry against Ano1 and collagen IV was performed on
whole mount retinas from KAP transgenic mice (Fig. 47). The expression of
Ano1 was markedly diminished in annuli ICs from KAP transgenic mice (Fig.
47B), when compared with age-matched control littermates (Fig. 47A). Thus,
our results suggest a loss of function of calcium-activated chloride channels in
annuli ICs in the KAP transgenic mouse. These results are in accordance with
recent studies demonstrating that Ano1 expression in basilar artery is down-

regulated during hypertension (Wang et al., 2012).

Calcium-activated chloride channels of ICCs, and therefore Ano1, are
required for pacemaker activity and proper smooth muscle contraction (Huang
et al., 2009). In fact, studies in Ano1 knockout mice have demonstrated that the
absence of Ano1 results in greatly reduced smooth muscle contraction (Huang
et al.,, 2009). In retina, the first event when pressure rises is a general
contraction of retinal arterioles (Garner et al., 1975). In hypertensive KAP
transgenic mice, the reduction of Ano1 could be a cause for malfunction of

arteriolar annuli and consequently produce an alteration of retinal blood flow.

Grande and coworkers (2011) have demonstrated that specific
overexpression of KAP gene in the kidney proximal tubule induces hypertension

by increased oxidative stress with activation of the renin-angiotensin system
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Figure 47: Alterations of arteriolar annuli during hypertensive retinopathy. Alterations of arteriolar
annuli were assessed by double immunohistochemistry labelling anoctamin 1 (Ano 1) (green) and collagen
IV (red) in whole mount retinas from wild type (A) and KAP transgenic mice (B). Confocal microscopy
quantification of fluorescence intensity evidenced a great decrease of Ano 1 expression in KAP transgenic
mice (B) when compared with wild type mice (A). (C) Differences in Ano 1 expression were statistically
significant, as shown in bar graphs. Nuclei counterstain: ToPro 3. Arrowhead: Arteriolar annuli; Asterisk:
p< 0.05. Scale bars: A =17.41 um; B = 15.50 um.
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and the sympathetic nervous system. Oxidative stress has been demonstrated
to produce alterations of ICCs in gastrointestinal tract, driving to motility
disorders (Choi et al., 2008; Izbeki et al., 2010). Thus, oxidative stress during
hypertension in KAP transgenic mice could be one of the causes to produce

damage in retinal annuli ICs.
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C. ARTERIOLAR ANNULIIN HUMAN RETINA

The existence of arteriolar annuli in human retina has been poorly
documented and, due to the lack of specialized immunohistochemistry studies,
the arteriolar annuli itself have not been always properly defined (Lee, 1976;
Ma, 1994). Moreover, most of the authors studying this structure in different
species could not detect it in man (Kuwabara and Cogan, 1960; Henkind and

De Oliveira, 1968; Pournaras et al., 2008).

Griffonia simplicifolia specific labeling unequivocally demonstrated the
presence of arteriolar annuli in human retina (Fig. 48). Moreover, preliminary
studies in a retina from a diabetic donor suggest a decrease in the labeling of
this lectin during diabetic retinopathy (Fig. 48 Donor 2). Thus, our results
confirm the presence of arteriolar annuli in human retina suggesting, as
happens in mouse, a role in the regulation of retinal blood flow. In addition, our
preliminary studies on a human diabetic retina have showed similar alterations

to those observed in retinas from db/db mice (Fig. 44).
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Figure 48: Arteriolar annuli in human retina. Labelling of Griffonia simplicifolia (GSA) (red) showed the
presence of arteriolar annuli in human retinas. Moreover, GSA labelling was decreased in arteriolar annuli
of a diabetic donor (Donor 2) when compared with a healthy retina (Donor 1). Retinal vasculature was
evidenced by immunohistochemistry against collagen IV (green). Nuclei counterstain: ToPro3.
Micrographs acquired by means of confocal microscopy analysis of whole mount retinas. Arrowheads:

Arteriolar annuli. Scale bars: A = 13.28 um; B = 13.25 um.
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D. GENERAL DISCUSSION

Due to the lack of autonomous innervation, retinal blood flow is mainly
controlled by local regulatory events (Firbas et al., 2005). Arteriolar annuli have
been involved in retinal blood flow regulation (Pannarale et al., 1996). Our
results have confirmed the presence of arteriolar annuli in mouse retina,
appearing as a conical hypercellular structure of intensely PAS stained material
(Fig. 12). Lectin specific binding and salivary amylase digestion have
determined that specific PAS stain is mainly due to increased glycogen content

in cells forming the arteriolar annuli (Fig. 14).

Detailed morphological analyses of arteriolar annuli have evidenced that
vascular wall components show a distinctive structural and molecular
phenotype. In this regard endothelial cells show decreased expression of CD31
(Fig. 18B), together with enhanced NADPH diaphorase (Fig. 18C) and vVWF
(Fig. 20A) expression. Thus, suggesting that annuli endothelial cells are able to
induce vasodilatation and to maintain an antithrombotic milieu. Smooth muscle
cells in the annuli appeared reoriented embracing the origin of the collateral
arteriole (Fig. 33C and D). This particular disposition could indicate a sphincter-
like activity by bulging annuli cells to the arteriolar lumen. In addition,
ultrastuctural analysis evidenced the existence of peg-and-socket junctions
between smooth muscle cells of arteriolar annuli (Fig. 33B). This result

suggests a stretch-coordinated annuli contraction. Furthermore, a possible
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reinforcement of basement membrane was evidenced by increased expression
of its main components, including collagen IV, laminin and fibronectin (Fig. 35).
A diminished colocalization of collagen IV and laminin (Fig. 36), together with
differences observed in ultrastructure (Fig. 34), suggest a change in the

organization of basement membrane in arteriolar annuli.

ICs have been described as a new cell population in the arteriolar annuli.
Cell lineage of vascular interstitial cells is still under discussion, since some
authors have reported a close relation between arterial ICC-like and smooth
muscle cells (Pucovsky et al., 2007). However, annuli ICs showed a
morphology matching the “gold standard” ultrastructural features established for
intestinal ICC identification (Huizinga et al.,, 1997). In addition, annuli
presumptive ICCs expressed specific markers of ICCs, such as Ano1 (Fig.
24B), CD44 (Fig. 24C) and nestin (Fig. 31), although c-kit expression could not
be observed (Fig. 24A). A distinctive pattern of distribution of F-actin filaments
(Fig. 26A), together with an increased expression of -actin (Fig. 28) and a lack
of a-SMA (Fig. 26B) allowed further differentiation between annuli ICs and

vascular smooth muscle cells.

Annuli ICs also expressed PDGF-Rp (Fig. 25A) and NG2 (Fig. 25B), two
widely used pericyte markers (Pfister et al., 2008). However, pericytes are only
found in precapillary arterioles, capillaries and venules (Pucovsky et al., 2007)
while annuli ICs were located in the main retinal arteriolar branching sites.

Moreover, ultrastructure of annuli ICs does not correspond to that of pericytes.
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Thus, these facts make unlikely the possibility that annuli ICs belong to pericyte

or smooth muscle cell types.

ICCs regulate motility of gastrointestinal tract by means of three well-
accepted functions (Formey et al., 2011). Similarly, our results suggest that

annuli ICCs perform functions of:

(1) Pacemaker activity: ICCs controls the frequency and propagation of
contractile activity by periodic calcium release that, in turn, induces
rhythmic depolarization in the electrically coupled smooth muscle cells
(Yoneda et al., 2001; Popescu et al., 2005; Huang et al., 2009). Annuli
ICCs showed structural and molecular features important for this
pacemaker activity, such as the expression of the PDGF-Rp (Fig. 25A),
the calcium-activated chloride channel subunit Ano1 (Fig. 24B) and the

gap junction protein connexin 43 (Fig. 23C).

(2) Neuromodulation: physiological experiments have evidenced a key
role of ICCs as mediators of intestinal nitrergic neurotransmission (lino
et al., 2008). Annuli endothelial cells (Fig. 18C) and ICs (Fig. 25C)
showed increased NADPH diaphorase activity. Thus, the modulation of

annuli activity by NO is also suggested.

(3) Mechanotransduction: mechanical distortion of ICCs increases

pacemaker activity (Huizinga et al., 2009). Annuli ICs have shown an
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increased expression of CD44 (Fig 24C). Cell adhesion molecules,
such as CD44, couple extracellular matrix and nuclear matrix scaffolds
by means of cytoskeleton filaments (Ingber, 1997). Thus, mechanical
changes in basement membrane can be transmitted to the nucleus
triggering biochemical responses (Ingber, 1997). Moreover, CD44 has
been implicated in the adhesion of cells to basement membrane
proteins laminin and fibronectin (Underhill, 1992), which are
overexpressed in arteriolar annuli (Fig. 24B and C). Annuli ICs also
showed high expression of nestin (Fig. 31), an intermediate filament,
known to act as a modulator of mechanical strength by coordinating
cytoskeleton dynamics. Thus, annuli ICs show structural and molecular
features suggesting that these cells, subjected to a mechanical
deformation, could act as mechanotransducers leading to specific

cellular responses.

Taken together, our results suggest that arteriolar annuli are endowed

with specific molecular, structural and functional characteristics which allow

them playing a key role in the retinal blood flow regulation.

Vascular alterations are related to many retinopathies, including diabetic

and hypertensive retinopathy (Kur et al., 2012; Wong et al., 2005). The analyisis

of arteriolar annuli in db/db mice evidenced impaired glycogen storage in annuli

ICs (Fig. 44). In addition, our studies in KAP transgenic mice retinas evidenced
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a decreased expression of Ano1 in annuli ICCs during hypertensive retinopathy
(Fig. 47), suggesting a loss of function of calcium-activated chloride channels.
Thus, alterations observed in the retinal ICs could induce an impaired function

of arteriolar annuli driving to dysregulation of blood flow during retinopathy.

Griffonia simplicifolia evidenced the presence of arteriolar annuli in
human retina (Fig. 36). Moreover, annuli ICs from a diabetic donor showed a
decreased binding of this lectin (Fig. 48), as happened in db/db mice (Fig. 44).
Thus our results suggest a similar role of arteriolar annuli in human and mouse

retinal blood flow regulation in health and disease.

192



CONCLUSIONS




. 55% of arteriolar branches in mouse retina show annuli.

. Arteriolar annuli are found more frequently in the central retina.

. The increased PAS positive staining observed in arteriolar annuli match
the high expression of several carbohydrates, as evidenced by lectin

histochemistry.

. Amylase retinal digestion, previous to GS lectin staining, indicates that

glycogen accumulates in annuli cells.

. Three types of cells are localized at the arteriolar annuli: endothelial,

interstitial (ICs) and smooth muscle cells.

. Annuli endothelial cells display a specific molecular phenotype
characterized by the decreased expression of CD31. No differences are

observed in CD34 expression.

. Ultrastructural analysis of arteriolar annuli shows two endothelial cell
subpopulations. A subtype I, with characteristics of activated endothelial
cells, and subtype Il having the morphological features observed in

endothelial cells under increased shear stress.

193



8. von Willebrand factor and Weibel-Palade bodies accumulate in the
cytoplasm of annuli endothelial cells. Thus, suggesting that endothelial

cells maintain an antithrombotic milieu at the arteriolar annuli.

9. The increased expression of NADPH diaphorase in annuli endothelial
cells could indicate a predominance of vasodilatation at the arteriolar

annuli.

10. Blood retinal barrier is preserved at the arteriolar annuli.

11. At ultrastructural level, ICs have multiple long thin cytoplasmatic
processes, multilobulated nuclei, numerous caveolae and large
mitochondria. All these morphological features are similar to those

presented by Intersticial Cajal cells.

12. Annuli ICs molecular phenotype is characterized by the expression of
Ano 1, CD44, PDGF-RpB, NG2 and NADPH diaphorase, and the absence
of c-kit expression. Thus, confirming that ICs are a special subtype of

Intersticial Cajal cells.

13. Annuli ICs present gap junctions that allow communication with smooth

muscle and endothelial cells, as evidenced by transmission electron

microscopy and connexin 43 expression.
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14. In contrats to B-actin that is upregulated, a-actin is downregulated in

annuli ICs, suggesting that these cells do not contract.

15. The stem cell marker nestin is specifically expressed in the annuli ICs.

16. Smooth muscle cells do not form a true sphincter at the arteriolar annuli.
Only a single layer of smooth muscle cells is lining the annuli. However,
their specific arrangement surrounding the annuli, allows the vascular

closure by bulging ICs and endothelial cells into the lumen.

17. Annuli smooth muscle cells are coupled by peg and socket junctions,

suggesting a coordinated mechanism of contraction.

18. The ultrastructural analysis evidenced a great thickening of the

basement membranes at the arteriolar annuli. Collagen IV, laminin and

fibronectin are increased and diferentially organized.

19. In vivo visualization shows a localized contracting activity at the

arteriolar annuli.

20. ICs and smooth muscle cells show different intracellular calcium events

during annuli contraction.
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21. Annuli ICs are in close contact with Miller cells and annuli smooth

muscle cells, suggesting a role of these cells in neurovascular coupling.

22. In mouse retina there are specific regions resistant to hypoxia.

Increased presence of arteriolar annuli is associated with these areas.

23. Decreased GSA binding at the arterial annuli is observed in a model of
diabetes type Il (db/db mice), suggesting an impaired glycogen storage

during diabetic retinopathy.

24. Decreased expression of Ano1 at the arterial annuli is observed in a

model of hypertension (KAP mice), suggesting a deficiency of the annuli

contraction during hypertensive retinopathy.

25. Arterial annuli are present in man retina. Preliminary results may

suggest its alteration during retinopathy.

26. Final conclusion: Retinal arteriolar annuli display specific structural,

molecular and functional features, suggesting an important role of these
structures as discrete sites for blood flow regulation during health and

retinopathy.
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