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Abstract 

 

A  variety  of  pathological  processes  can  disrupt  the  sophisticated  and  delicate  retina  architecture, 

leading to a broad­spectrum of vision­threatening diseases. Retinopathy of prematurity (ROP) is a 

multifactorial  neovascular  disease  which  causes  perturbation  of  the  physiological  vascular 

development  in  the  retina  of  preterm  infants,  often  leading  to  blindness.  ROP  progresses  in  two 

phases. Of them, the second hypoxic­proliferative phase causes pathological hyper­vascularisation in 

the superficial plexus, causing functional impairments. Vascular endothelial growth factor (VEGF) 

plays a crucial role in promoting angiogenesis, both in physiological and in pathological conditions. 

A growing body of evidence is progressively highlighting the involvement of β­adrenoceptors (BAR) 

in VEGF production and retinal neovascularization. 

 

Another pathological condition able  to alter  retinal architecture  is glaucoma. Indeed, although  the 

term  glaucoma  refers  to  a  group  of  lifelong  progressive  optic  neuropathies  that  differ  cause,  risk 

factors,  demographics,  symptoms,  duration,  treatment,  and prognosis,  the  common  features of  all 

glaucoma forms are excavation (cupping) of the optic disc, apoptotic degeneration of retinal ganglion 

cells (RGC) and thinning of the nerve fibre layer (NFL). Glaucoma is the leading cause of irreversible 

blindness worldwide. 

 

Here, we investigated the effects of hypoxia on BAR expression using human Müller cells, the major 

source of retinal VEGF and human retinal endothelial cells, the main receivers of VEGF within the 

retina. Subsequently, we tested the effects of BAR3 antagonism in hypoxic condition and/or nitric 

oxide  synthase  induction/blocking  on  VEGF  production.  We  also  evaluated  the  effects  of  BAR3 

agonism/antagonism and BAR2 agonism in a murine model of oxygen­induced retinopathy (OIR) 

widely used to study ROP. 

 

Then, we used a murine model of induced high­tension glaucoma to investigate the putative beneficial 

effects of an Achebuche (ACE) oil enriched diet against the deleterious consequences of glaucoma. 

In particular, within the retina of the model, we evaluated glia reactivity, the inflammatory status, the 

oxidative  stress  markers  expression,  the  ischemic  damage,  the  apoptosis  activation,  and  RGC 

functionality.  
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List of abbreviations  
 
ACE = Acebuche 
ACG = angle closure glaucoma 
BAR = β adrenoceptors  
BAR1 = β1 adrenoceptor  
BAR2 = β2 adrenoceptor 
BAR3 = β3 adrenoceptor 
cAMP = cyclic adenosine monophosphate 
CO2 = Carbon Dioxide 
eNOS = endothelial nitric oxide synthase 
GCL = ganglion cell layer 
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HIF­1 = hypoxia inducible factor 1 
HIF­1α = α subunit of HIF­1 
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hREC = human retinal endothelial cells 
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IL­6 = interleukin 6 
IL­10 = interleukin 10 
INL = inner nuclear layer  
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LGN = lateral geniculate nucleus 
MAPK = mitogen­activated protein kinase  
MCE = methylcellulose 
MIO­M1 = Moorfields/Institute of Ophthalmology­Müller 1 
mRNA = messenger ribonucleic acid 
NFL = nerve fibre layer  
NRF2 = nuclear factor erythroid 2­related factor 2 
NF­κB = nuclear factor kappa­light­chain­enhancer of activated B cells 
nNOS = neuronal nitric oxide synthase 
NOS = nitric oxide synthase  
NQO1 = nicotinamide adenine dinucleotide phosphate quinine oxidoreductase 1 
OAG = open angle galucoma 



6 
 

oBRB = outer retinal blood barrier 
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ONC = optic nerve crush 
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Introduction 
 

1. Retina structure 

 

The retina is a delicate and sophisticated multilayer structure derived from the neuroectoderm, with 

a huge heterogeneity in cell components that form morphologically and functionally distinct circuits. 

These latter work in parallel and in combination, in order to produce a complex visual output (Hoon 

et al., 2014). Indeed, the retina exerts the critical function of receiving, modulating and transmitting 

visual stimuli coming from the external world to the optic nerve and, finally, to the visual cortex of 

the brain. 

In the vertebrate retina,  the photoreceptors,  i.e. rods and cones,  localize in the outer nuclear layer 

(ONL), differently form invertebrates’ retinae. Thus, light must traverse many layers before initiating 

signal transduction in rods and cones. Rods are very sensitive to light stimuli and, indeed, can detect 

even a single photon, allowing vision in the dim­light (Rieke, 2000). Cones account for about 5% of 

photoreceptors.  The  maximum  cones  density  is  observed  into  the  rod­free  region  called  foveola, 

responsible for very high visual acuity (Ahnelt, 1998). Cones are less sensitive to light compared to 

rods, but exhibit faster response kinetics during the process of phototransduction and are responsible 

for bright­light, high acuity colour vision (Hoon et al., 2014).  

Photoreceptors outer segments are wrapped into the apical membrane extensions of retinal pigment 

epithelium (RPE) cells. RPE consists in a monolayer of cuboidal cells resting upon the underlying 

Bruch membrane, attached to the choroid. RPE is involved in many fundamental processes within the 

retina,  such  as  providing  nutrients  to  photoreceptors,  phagocytosis  and  degradation  of  membrane 

disks of the photoreceptor outer segments, recycling of vitamin A, absorbance of stray light thanks 

to melatonin pigments and maintenance of the outer retinal blood barrier (oBRB) (Lakkaraju et al., 

2020). Indeed, oBRB is composed by tight junctions between neighbouring RPE cells; moreover, the 

Bruch membrane separates the retina from the fenestrated choriocapillaries and gives a fundamental 

contribution in regulating traffic of nutrients from the blood flow to the photoreceptors, as well as in 

maintaining retinal adhesion (Cunha­Vaz et al., 2011). 

In the outer plexiform layer (OPL), synapses between axons of the photoreceptor cells and dendrites 

of bipolar cells occur. Bipolar cells are neurons that connect the photoreceptors with the dendrites of 

retinal ganglion cells  (RGC) in  the  inner  layers  (Kolb, 2005). These neurons form two functional 

subclasses:  the  bipolar  cells  that  depolarize  (ON)  and  those  that,  instead,  hyperpolarize  (OFF)  in 

response to increments in light intensity. Rod bipolar cells are ON­bipolar cells while cone bipolar 

cells can either be ON or OFF (Hoon et al., 2014). 



8 
 

These layers made up the so­called outer retina, while the following ones account for the inner retina. 

In  the  inner  nuclear  layer  (INL),  we  can  find  the  cell  bodies  of  Müller  cells,  the  major  glial 

components  of  the  retina.  We  can  also  find  amacrine  and  horizontal  cells,  that  are  laterally  and 

vertically interconnecting neurons that can influence and integrate the signal (Bertalmío, 2020). 

The axons of the bipolar cells connect to the dendrites of the RGC and amacrine cells in the inner 

plexiform layer (IPL). The ganglion cell layer (GCL) contains the nuclei of the RGC and displaced 

amacrine cells. RGC axons form the retinal nerve fibre layer (NFL) and converge to the optic nerve 

head. The same axons go on through the optic tract until they synapse with the neurons located in the 

lateral geniculate nucleus (LGN). Importantly, not all fibers from the optic tract synapse in the LGN: 

some of  them connect with other nuclei  situated  in  the midbrain, which are  related  to  autonomic 

functions. From the LGN, the second neurons of the optic nerve send their axons to the visual cortex 

(De Moraes, 2013). 

 

A variety of pathological processes can disrupt this delicate structure and lead to a broad­spectrum of 

retinal  diseases.  Indeed,  retinal  pathologies  often  result  from  a  disruption  of  its  sophisticated 

architecture and are among the most common causes of visual impairment and blindness (Pascolini 

et al., 2012). The first part of the work of this thesis focuses on Retinopathy of prematurity (ROP), a 

pathology  which  disrupts  the  superficial  retinal  vascular  network,  searching  for  new  players  that 

could contribute to neovascularization. The second part concentrates on prevention of the deleterious 

consequences of high­tension glaucoma on the retina, a condition that alters retinal structure starting 

from the excavation of the optic disk and leading to RGC death. 

 

 

2. Retinopathy of prematurity 

 

ROP is one of the main vision­threating ocular disorders affecting infants born prematurely and the 

major cause of visual impairment in childhood (Quinn, 2016). The number of preterms affected by 

ROP has remarkably risen during the last few years. Particularly, 50% of extremely preterm infants 

show clinical signs of ROP, although this percentage varies widely. In 2008, it was estimated that 

more than 50,000 babies worldwide were blind due to ROP (Gilbert et al, 2008). Subsequent data 

suggests that this could have been an underestimation. Indeed, a study evaluated that in 2010 alone, 

approximately  185,000  preterm  infants  developed  any  form  of  ROP,  and  that  more  than  20,000 

became blind because of it (Blencowe et al., 2010). 
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2.1 A brief history 

 

ROP was first observed in a series of preterm infants in 1942 by Terry, who initially coined the term 

retrolental  fibroplasia  (RLF)  to  indicate  it  (Terry, 1942). He described  it  as  an overgrowth of  the 

developing retinal vessels which invade the vitreous and give rise to a fibrovascular white plaque 

behind the lens (Cook, 1957). The white appearance was due to retinal detachment (Terry, 1946). In 

those years, clinical studies by Wilson et al.  (1942)  found  improved respiration  rate  in premature 

newborns who were given high oxygen concentrations (Wilson et al., 1942);  therefore,  the use of 

supplemental oxygen therapy for preterm babies became routine treatment (Miller, 1956). Together 

with  this  increase  in  the use of oxygen  in neonatal  care,  however,  a well­documented  rise  in  the 

incidence of RLF occurred. In the mid­1950s, different clinical trials showed a significant decrease 

in the incidence of RLF by limiting the amount of inspired oxygen by premature infants; therefore, it 

was suggested that oxygen delivery might cause or worsen the disease (Campbell, 1951). Some years 

later a national multicentre clinical  trial  in  the USA was able to demonstrate that  limiting oxygen 

given to the preterm babies was essential for reducing the risk of development of the disease (Patz, 

1957). Since then, controlling oxygen therapy has been the first­line preventative measure concerning 

this pathology which, successively, took the name of ROP (Bedrossian et al., 1954; Lanman, 1955). 

 

2.2 Risk factors  

 

So  far,  the  greatest  predictors  for  developing  ROP  are  the  low  gestational  age  and  the  low  birth 

weight. Indeed, ROP usually affects preterm infants born before the 31st week of gestation and with 

very low birth weight, meaning less than 1500 g. Consistently, the vast majority of severe ROP cases 

have been found in infants with lower gestational age and weight at birth (Quinn et al., 2018).  In 

countries with high quality neonatal care, sight­threatening ROP is mainly confined to infants with 

birth weight <1000 g and is very rare in babies with birth weight >1250 g (Fielder et al., 2014). 

Oxygen  tension  is  a  crucial  factor  in determining ROP  initiation,  since  the vascularization  in  the 

human retina needs a physiologically hypoxic environment in order to properly develop (Hughes et 

al., 2000). Thus, the issue of the correct balance between (i) high oxygen supplementation in the early 

postnatal period to reduce the risk of life­threatening complications and (ii) lower oxygen to prevent 

ROP development is critical (Aguilar et al., 2008; Hellstrom et al., 2013; Askie et al.,2018).  
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2.3 Physiological development of retinal vessels  

 

The mature retina is supplied by two different vascular systems. Particularly, the central retinal artery 

enters the eye through the centre of the optic nerve and then branches through the inner retina to form 

three  capillary  layers.  On  the  other  hand,  the  avascular  photoreceptor  layer  relies  on  the 

choriocapillaris lying beneath the RPE to supply oxygen by diffusion. (Netter, 2006). 

In human beings the process of  inner retinal vasculature development occurs primarily during the 

latter half of gestation; indeed, it starts in utero by about the 16th week of gestation and is completed 

by approximately the 40th week of gestation, right before birth. Prior to the formation of the definitive 

retinal vasculature, a  transient network of vessels, called the hyaloid vascular system, develops to 

nourish the still immature lens (Penn et al., 2008). The hyaloid vasculature originates from the central 

hyaloid artery, and it runs from the centre of the optic disc, through the vitreous, to the posterior lens 

and drains into the choroidal veins. The regression of hyaloid vasculature begins approximately by 

the 13th week of gestation and the concomitant formation of the superficial (or primary) plexus starts 

around the 16th week of gestation, at the NFL/GCL interface. The superficial plexus emerges from an 

existing capillary ring located at level of the optic nerve head and spreads across the inner surface of 

the retina in four main lobes. The superficial plexus reaches the retinal periphery nasally at the 36th 

week and temporally around the 40th week of gestation (Selvam et al., 2018). Astrocytes provide a 

template serving as a scaffolding guide to form retinal vessels of the superficial plexus (Dorrel et al., 

2002;  Penn  et  al.,  2008;  Mezu­Ndubuisi  et  al.,  2020).  Indeed,  the  embryonic  and  foetal  vascular 

development  depends  on  the  modulation  of  a  series  of  proangiogenic  factors,  such  as  vascular 

endothelial  growth  factor  (VEGF);  astrocytes do  express VEGF, which  promotes  endothelial  cell 

proliferation  and  migration  within  this  superficial  plane  (Stone  et  al.,  1995).  The “physiologic 

hypoxia” created by the increasing metabolic demands of the developing neural components of a 

largely  avascular  retina  is  the  driving  mechanism  for  VEGF  overexpression  and,  therefore, 

angiogenic growth. This results in angiogenic sprouting from the superficial vessel network and, thus, 

the development of an additional plexus, called the deep plexus. In the human foetus, the deep plexus 

starts to from by the 25th –26th week of gestation, and it is located at the border of the INL/OPL (Penn 

et al., 2008). Müller glial cells are believed to guide the growth of this plexus (Stone et al., 1995). 

The deep plexus penetrates the retina and establishes two networks on either side of the INL; the one 

located at the border INL/IPL is called intermediate plexus and forms last (Selvam et al., 2018; Fu et 

al.,  2020).  Increased  blood  vessel  growth  and  capillary  density  relieves  the  physiologic  hypoxia, 

matching tissue oxygen demand to vessel formation. In normoxia, VEGF is produced by retinal cells 

at a level adequate to support existing blood vessels (Penn et al., 2008). Particularly, in physiological 
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conditions,  Müller  cells  provide  a  permanent  antiproliferative  environment  for  retinal  vascular 

endothelial cells, exerting an angiostatic effect (Eichler et al., 2004). 

 

2.3.1 Oxygen tension and VEGF production 

 

Vascular growth is closely regulated by supply and demand of oxygen. This mainly depends on the 

activity of hypoxia­inducible factor 1 (HIF­1) (Wang et a., 1995). HIF­1 is a transcription factor that 

binds  DNA  on  specific  hypoxia  responsive  element  (HRE),  thereby  promoting  the  expression  of 

hundreds of genes involved in the processes of metabolic adaptation to oxygen scarcity (Hammarlund 

et al., 2020). HIF­1 is composed by two subunits: the α subunit (HIF­1α) and the β subunit (HIF­1β) 

(Wang et a., 1995). Both of these subunits are constitutively expressed, and only HIF­1α is sensible 

to oxygen pressure level. Indeed, prolyl hydroxylase domain (PHD) proteins are able to hydroxylate 

HIF­1α but they require the presence of molecular oxygen  to  exert  their  catalytic  activity.  Prolyl 

hydroxylated HIF­1α is recognized by the von Hippel­Lindau tumour suppressor, ubiquitinated and 

then degraded by proteasome (Maxwell et al., 1999). On the other hand, in hypoxic conditions, i.e. 

when molecular oxygen levels are low, PHD cannot hydroxylate HIF­1α, resulting in the rescue of 

HIF­1α from proteolytic degradation. Therefore, HIF­1α complexes with HIF­1β, forming dimeric 

HIF­1. This latter translocates into the nucleus where it can bind DNA as a heterodimer (Yang et al., 

2021). 

Among the several genes HIF­1 promotes the expression of, there is VEGF, one of the main targets 

of  this  transcription  factor.  VEGF  plays  a  crucial  role  in  promoting  angiogenesis  as  an  adaptive 

response  to  low  oxygen  availability,  since  its  expression  results  in  local  formation  of  new  blood 

vessels starting from pre­existing ones (Elen et al., 2020). On the other hand, high oxygen tension 

suppresses hypoxia­induced VEGF production because of destabilization of HIF­1α; lower levels of 

VEGF result in reduced blood vessel growth (Figure 1). 
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Figure 1. Hypoxia­induced factor 1 (HIF­1) α pathway. In normoxic conditions, HIF­1α is hydroxylated on 

a proline residue and von Hippel­Lindau tumour suppressor binds it. This results in ubiquitin attachment and 
proteasomal degradation.  In hypoxic conditions, HIF­1α dimerizes with HIF­1β leading to transcription of 
hypoxia­inducible genes, such as vascular endothelial growth factor (VEGF) (Penn et al., 2008). 
 

2.4 Pathogenesis of ROP 

 

Oxygen­dependent  angiogenesis  acquires  deeper  relevance  in  tissues  characterized  by  elevated 

oxygen consumption levels, as the case of the retina. If, on one hand, hypoxia­triggered angiogenesis 

is necessary and  fundamental  for  the development of  the definitive  retinal vascularization, on  the 

other hand it is also implied in the pathogenesis of proliferative retinopathies, such as ROP (Usui et 

al.,  2015).  ROP  is  a  vision­threatening  retinal  disorder  that  involves  cessation  of  normal  retinal 

vascular  development  in  the  preterm  infant,  with  the  instauration  of  pathological  compensatory 

mechanisms that result in aberrant neovascularization of the retina.  

The retina is one of the last organs to be vascularized in the human foetus. In physiologic conditions 

the process of retinal vascular development occurs within the hypoxic uterine environment (Hughes 

et  al.,  2000)  where  the  mean  oxygen  pressure  is  less  than  50  mmHg  during  the  second  half  of 

pregnancy (Nicolaides et al., 1989); nevertheless, in the case of prematurely born infants it must occur 

in the relatively hyperoxic extra­uterine environment (Penn et al., 2008). This rise in oxygen pressure 

triggers  the  first  one  of  the  two  ROP  phases,  called  hyperoxic­ischemic  phase.  Following  the 

premature birth, relative hyperoxia causes suppression of different angiogenesis promoting factors, 

such as VEGF, leading to retinal vessel growth cessation and vaso­obliteration. This results in the 

formation of a peripheral avascular area within the human retina (Wood et al., 2021). The second 
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phase  of  ROP,  called  hypoxic­proliferative  phase,  begins  when  the  poor  and  incomplete  retinal 

vascularization cannot meet anymore the increasingly metabolically demand of the developing neural 

retina. This imbalance results in pathological hypoxia and increased release of pro­angiogenic factors, 

such as VEGF, which promote neovascularization.  In  contrast  to  physiological vasculature,  these 

pathological neovessels exhibit excessive, uncontrolled and misdirected growth, with tufts presence 

and  hemorrhages.  They  poorly  perfuse  the  retina  and  are  leaky,  causing plasma  extravasation. 

Eventually,  they  invade  the vitreous. This  can  result  in  a  fibrous  scar, partial  or  complete  retinal 

detachment and, respectively, partial or complete blindness (Cavallaro et al., 2014). 

The  aggressiveness  of  ROP  depends  on  the  retinal  area  progressively  affected  by  aberrant 

proliferating  neovessels,  on  the  vascularization  stage  (classified  from  stage  1  to  5),  and  on  the 

presence of dilatation and tortuosity of the vessels (ROP plus disease). Particularly, from a clinical 

point of view, stages 1, 2 and 3 describe the acute phases of the disease, while stages 4 and 5 are 

considered aggressive ROP (Figure 2) (Chiang et al., 2021).  

•  Stage 1 is characterized by the formation of a white, thin and flat demarcation line between 

the vascular and the avascular zones of the retina.  

•  In stage 2, the flat demarcation line evolves in a ridge whose thickness can vary. Its colour 

can range from white to pink. Small, isolated tufts lying on the retina surface can be observed 

posterior to the ridge.  

•  In stage 3 extraretinal neovascular proliferation arise towards the vitreous.  

•  Stage 4 aggressive ROP is characterized by partial retinal detachment, which may either spare 

or  involve  the  fovea.  Stage  4  can  be  exudative  or  tractional.  In  the  first  situation,  partial 

detachments look convex, sometimes localized, and self­limited. In the second case, partial 

detachments  are  associated  with  progressive  fibrovascular  organization  and  vitreous  haze. 

They might be associated with lipid and/or subretinal haemorrhages.  

•  Stage 5 describes total retinal detachment (Chiang et al., 2021).  
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Figure  2.  Progression  of  retinopathy  of  prematurity  (ROP).  (A)  Loss  of  essential  nutrients  and  pro­
angiogenic growth factors after birth, possibly  in combination with oxygen supply,  leads  to hyperoxia  that 
suppresses  retinal  vascularization  (Phase  1).  In  the  second  phase  of  ROP  (Phase  2),  relative  hypoxia  and 
increased nutrient demands of  the mainly avascular retina cause fibrovascular proliferation. ROP anatomic 
changes begin with the appearance of a demarcation line between the vascular and the avascular area (stage 
1), which gets thick and at this point is called ridge (stage 2); extraretinal fibrovascular proliferation occurs 
(stage 3) resulting in partial retinal detachment (stage 4) and complete retinal detachment (stage 5). (B) ROP 
progression,  from  normal  retinal  neuro­vascular  development,  via  stage  2  with  ridge  (arrow),  stage  3 
characterized by neovascularization and haemorrhages (arrows), stage 3 with plus disease (arrow) and retinal 
detachment which occurs in stage 4­5 (modified from Tomita et al., 2021). 
 
The  rate  of  progression  towards  the  most  severe  stages  of  the  disease  has  been  reported  to  be 

approximately a quarter of ROP infants (Chang, 2019; Filippi et al., 2019; Prakalapakorn et al., 2021). 

Most of  the ROP cases  regresses  spontaneously  through a process of  involution/evolution  from a 

vasoproliferative  disease  to  a  fibrotic  phase  (International  Committee  for  the  Classification  of 

Retinopathy  of  Prematurity,  2005).  Particularly,  spontaneous  regression  of  ROP  and/or  complete 

vascularization of the retina might occur by 40–45th week of postmenstrual age or 3 to 4 months after 

birth (Dogra et al., 2017).  The more advanced or the more posterior the active disease, the worse the 

fibrotic  cicatricial  sequelae,  as  the  disease  enters  the  so­called “cicatricial phase” (International 

Committee for the Classification of Retinopathy of Prematurity, 2005). 

Despite either the spontaneous regression or even effectiveness of treatments, many children with a 

clinical history of ROP experience persistent vision  impairment, such as astigmatism and myopia 

(O’Connor et al., 2002), reduced visual acuity and deficient subtle colour vision (Pétursdóttir et al., 

2019), constricted visual field and contrast sensitivity (Hansen ad Fulton, 2000), and increased dark­

adapted thresholds (Bowl et al., 2019) along with structural abnormalities (Fielder et al., 2014). The 



15 
 

patients  who  underwent  vitrectomy  either  initially  or  later  in  ROP  progression  have  poor  post­

operative visual  acuity and can also experience  retinal  re­detachment, besides  the high care  costs 

(Terasaki et al., 2003). Anti­VEGF drugs proved to be effective in counteracting neovascularization 

in ROP; however, VEGF and its receptors play an important role in the development of the neural 

retina, and potential adverse effects of anti­VEGF drugs cannot be excluded on developing neurons 

in  the  immature  retina  (Penn  et  al.,  2008).  Therefore,  there  is  an  urgent  need  to  develop  diverse 

approaches which can prevent ROP blindness. In this sense, β­adrenoceptors (BAR) have recently 

risen more and more attention. 

 

2.5 BAR 

 

BAR belong  to  the 7­transmembrane  family of  receptors. They are guanine nucleotide  regulatory 

protein  (G  protein)  coupled  receptors  (GPCR)  and  mediate  many  effects  of  the  endogenous 

catecholamines adrenaline and noradrenaline (Wachter et al., 2012). To date three subtypes of BAR 

have been identified: BAR1, BAR2 and the last discovered member of this receptor family, BAR3. 

The first two subtypes of BAR are encoded by two distinct intronless genes located, respectively, on 

human chromosomes 10q24­26 and 5q31­32 (Dixon et al., 1986; Kobilka et al., 1987; Yang­Feng et 

al., 1990). The human gene encoding human for BAR3 receptor subtype was cloned for the first time 

in 1989, and it is localized on chromosome 8p11­12 (Emorine et al., 1989). 

BAR1 and BAR2 subtypes couple primarily  to  the stimulatory G protein  (Gs)  to  induce adenylyl 

cyclase  signal  transduction  pathways.  Adenylyl  cyclase  catalyses  the  conversion  of  adenosine 

triphosphate to the second messenger cyclic adenosine monophosphate (cAMP), which in turn binds 

to the regulatory subunits of protein kinase A (PKA), resulting in the release of the active catalytic 

PKA subunits. PKA phosphorylates serine and threonine residues on a variety of proteins, thereby 

affecting a wide spectrum of molecular pathways (Wachter et al., 2012). PKA activity can be either 

increased or reduced by oxygen deprivation in different experimental models. Particularly, in hypoxic 

mouse  retina  explants  and  mouse hypoxic  retinae, PKA  activity  results  decreased  (Martini  et  al., 

2011). In hypoxic retinae BAR3 can also modulate PKA activity; indeed, BAR3 blockade increases 

its  activity  (Martini  et  al.,  2011),  while  BAR3  pharmacological  activation  has  no  effect  on  its 

phosphorylation  level  (Dal  Monte  et  al.,  2015).  Although  most  functions  of  BAR2  are  mediated 

through Gs proteins and the cAMP­dependent PKA system, BAR2 can also couple to G inhibitory 

(Gi) proteins (Daaka et al., 1997) resulting in stimulation of the extracellular signal­regulation kinase 

and  p38  mitogen­activated  protein  kinase  (MAPK)  pathways.  Activation  of  MAPK  pathway  by 

BAR2 requires the receptor to be phosphorylated by PKA. This mechanism might serve to uncouple 
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BAR2  from  Gs  and,  therefore,  can  represent  a  means  of  terminating  BAR2  signal  and  response 

(Johnson, 2006). Similarly, BAR3 is not coupled only to Gs proteins, but also to Gi ones (Schena et 

al., 2019). Gi proteins activation mediated by BAR3, rather than inhibit adenylyl cyclase, activates 

nitric  oxide  (NO)  synthesis  pathway,  both  through  the  endothelial  nitric  oxide  synthase  (eNOS) 

(Rozec et al., 2006) and the inducible nitric oxide synthase (iNOS) (Dal Monte et al., 2014).  

GPCR can be desensitized, meaning uncoupled from G proteins. This desensitization process depends 

on  receptor  phosphorylation,  which  happens  at  the  phosphorylation  sites  (serine  and  threonine 

residues) in the C­terminal tails. This phosphorylation can be induced by several kinases, including 

GPCR kinases (GRK) (Reiter et al., 2006). Of them, GRK2 is deeply involved in BAR desensitization 

(Hansen et al., 2006). GPCR desensitization is a protective mechanism against excessive sympathetic 

transmission  that  initiates  with  the  phosphorylation  of  multiple  serine  residues  by  kinases  and 

involves the coordinated action of β­arrestins and GRK (Tsao et al., 2000). In fact, GRK­mediated 

phosphorylation of GPCR results in a receptor conformational change. This creates a high­affinity 

binding site for β­arrestin1 and β­arrestin2, two distinct members of the four­member protein family 

of arrestins  (Noor et al., 2011; Reiter et al., 2006). Β­arrestin1 and β­arrestin2 bind to BAR1 and 

BAR2, therefore regulating their desensitization. Notably, they play a crucial role especially in BAR2 

desensitization (Hall 2004), with β­arrestin2 more efficiently involved than β­arrestin1 (Kohout et 

al., 2000).  

Interestingly, the phosphorylation sites on the C­terminus are absent on BAR3 (Emorine et al., 1989) 

In  fact,  β­arrestins  are  able  to  act  on  BAR1  and  BAR2,  but  not  on  BAR3  that,  consequently,  is 

resistant to short­term agonist­induced desensitization (Liggett et al., 1993; Hall, 2004). In a similar 

way, BAR1 (Freedman et al., 1995) and BAR2 (Hausdorff et al., 1989), but not BAR3 (Strosberg, 

1997),  can  be  phosphorylated  by  PKA,  leading  to  feedback  desensitization  of  BAR  signalling 

(Freedman et al., 1996). 

 

2.5.1 BAR and VEGF 

 

The earliest information regarding the role of BAR in hypoxia­induced neovascularization originates 

from the fortuitous demonstration that the progression of infantile hemangiomas is efficiently reduced 

by treatments with propranolol, an unselective BAR1 and BAR2 antagonist (Léauté­Labrèze et al., 

2008). The powerful  antiangiogenic  effects  of propranolol  aroused  interest  regarding  the putative 

involvement of the BAR system in the pathogenesis of other human neonatal disorders characterized 

by angiogenic processes triggered by hypoxia, like the second phase of ROP. The great similarities 

between the pathogenesis of infantile hemangiomas and ROP, including the role played by hypoxia­
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induced proangiogenic factors, encouraged to explore the effect of a treatment with propranolol also 

for reducing ROP progression. Studies in C57BL/6J oxygen­induced retinopathy (OIR) mice (see the 

section 2.6.1 “OIR models” for more details about this animal ROP model) revealed that, during the 

hypoxic­proliferative  phase  of  ROP,  there  is  an  upregulation  of  noradrenaline  (Dal  Monte  et  al., 

2012), which was already known to stimulate VEGF production in vitro (Guo et al., 2009; Yang et 

al.,  2009).  Interestingly,  BAR  blockade  with  propranolol  downregulates  VEGF  and  reduces  the 

proangiogenic effects of hypoxia, while exerting no effects on normoxic tissues (Ristori et al. 2011). 

Particularly, these data revealed that propranolol reduces VEGF upregulation through destabilization 

of HIF­1α (Ristori et al., 2011). Moreover, BAR1/BAR2 knock­out (KO) OIR mice displayed almost 

complete protection from retinal neovascularization  induced by hypoxia (Dal Monte et al., 2015), 

suggesting a major role of one or both of these subtypes in hypoxia­driven retinal neovascularization. 

Nonetheless, the efficacy of propranolol treatment appears to be attributable to BAR2 blockade alone 

rather  than  to  BAR1  antagonism.  Indeed,  BAR2  selective  blockade  with  ICI  118,551  or 

desensitization after prolonged isoproterenol administration mimic the effects of propranolol in OIR 

mice, reducing VEGF upregulation and retinal neovascularization in response to hypoxia (Martini et 

al., 2011; Dal Monte et al., 2012). On the other hand, BAR1 selective blockade with atenolol does 

not  result  in  VEGF  reduction,  suggesting  a  major  role  of  BAR2  in  hypoxia­induced  retinal 

angiogenesis  (Martini  et  al.,  2011).  In  line with  this,  it  has been  reported  that BAR2  antagonism 

prevents VEGF upregulation via BAR2/HIF­1/VEGF axis in human pancreatic tumour cells (Shan et 

al., 2013). Based on the encouraging preclinical results regarding propranolol efficacy in reducing 

neovascularization,  either  when  systemically  or  topically  administered  (Ristori  et  al.,  2011;  Dal 

Monte et al., 2013), the efficacy and the safety of this drug was tested in human preterm newborns. 

Unfortunately, propranolol systemic administration results to be not sufficiently safe in human infants 

(Filippi  et  al.,  2013). However,  propranolol 0.2% eye micro­drops  formulation  shows an optimal 

safety and tolerability profile and efficiently counteracts ROP progression (Filippi et al., 2017; Filippi 

et al., 2019). Another trial with propranolol 0.4% eye micro­drops is planned (EudraCT number 2021­

000131–31). It is noteworthy that propranolol seems also to exert a neuroprotective effect in human 

patients  (Filippi et  al., 2022a and  references  therein). Propranolol exerts protective effects only  if 

administered during the second hypoxic­proliferative phase when VEGF is upregulated and supports 

neovascularization,  and  not  during  the  first,  hyperoxic­ischemic  phase,  when  VEGF  levels  are 

extremely low. Contrarily, in this situation, it leads to the development of a dramatically severe ROP. 

This might be due  to a BAR­blockage dependent  further  reduction of VEGF during  the  ischemic 

phase when, on the contrary, an increase of VEGF would be needed (Filippi et al., 2019).  
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The efficacy of propranolol administered in the second phase of ROP in reducing the progression of 

the disease is about 60% (Kaempfen et al., 2018; Strizke al., 2019; Kong et al., 2021). Given the high 

percentage of non­responding patients (40%), it is allowed to wonder whether only BAR1 and BAR2 

are  implicated  in  ROP  neovascularization,  or  whether  other  receptors  activated  by  noradrenaline 

increase could be involved in hypoxia­induced neovascularization (Filippi et al., 2015; Filippi et al., 

2022a). 

In this respect, it is  important to notice that, of the three isoforms of BAR, BAR3 is the only one 

responsive to oxygen tension within the mouse retina. Indeed, in the retinae of OIR mice, hypoxia 

results in BAR3 mRNA (Amato et al., 2022) and protein (Ristori et al., 2011; Amato et al., 2022) 

overexpression, highly  localized  to engorged vascular  tufts  of  the  inner  capillary network; on  the 

other hand, BAR1 and BAR2 display no changes in protein nor mRNA levels (Ristori et al., 2011).  

It has been recently identified a HIF­binding site (HBS), defined as HBS#1, on the mouse Adrb3 gene 

that could account for BAR3 mRNA upregulation in mice (Amato et al., 2022). Interestingly, HBS#1 

is located in corresponding regions in the human and mouse ADRB3 genes (Amato et al., 2022). This 

suggest that, in human as well as in mouse, BAR3 mRNA could be regulated by hypoxia through a 

HIF­1 dependent way.  In  this  respect,  it was recently shown that pharmacological abolishment of 

hyperoxia­induced HIF­1α degradation prevents not only VEGF, but also BAR3 downmodulation in 

mice (Amato et al., 2022).  

On the other hand, in both humans and mouse (and also in rat), BAR3 protein shows 7 to 8 proline 

residues, which are hydroxylated in normoxia and stabilized by hypoxia (Dal Monte et al., 2020). 

This,  together with the translation of  the increased level of mRNA, and  its possible regulation by 

HIF­1α (Amato et al., 2022) could explain why BAR3 protein is remarkably upregulated by hypoxia 

in the mouse retina (Ristori et al., 2011; Amato et al., 2022) and leaves open the possibility to observe 

such an effect in the human expression level of this receptor. Moreover, differently from mouse, the 

human ADRB3 gene displays a canonical HRE localized at position 3546 relative to the transcription 

start site (Dal Monte et al., 2020). This corroborates the hypothesis that also human BAR3 mRNA 

expression level could be modulated by oxygen deprivation. 

Furthermore, a recent study in murine lymphocytes demonstrated that restoring normoxic condition 

following hypoxic treatment reduces upregulated BAR3 protein level to normoxic control (Calvani 

et al., 2019). This suggests an overall responsiveness to oxygen fluctuations by this receptor that does 

not exist only within the retina. 

BAR3 has a role in VEGF production. Indeed, BAR3 signalling stimulates Gi proteins, resulting in 

eNOS and iNOS activation and thus promoting the synthesis of NO (Rozec et al., 2006; Dal Monte 

et al., 2014). NO, in turn, is an important modulator of VEGF expression (Ziche et al., 2009). BAR3 
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regulation of VEGF mediated  through NO  has been demonstrated  in mouse  retinal  explants  (Dal 

Monte  et  al.,  2013),  murine  melanoma  cells  (Dal  Monte  et  al.,  2014),  human  umbilical  vein 

endothelial cells (Bueno­Pereira et al., 2022) and the endothelium of human coronary arteries (Dessy 

et al., 2004). 

Nevertheless,  in OIR mice  the  selective  BAR3 antagonist SR59230A  is not  effective  in  reducing 

retinal neovascularization (Martini et al., 2011), even though BAR3 activation with BRL37344 during 

the hypoxic­proliferative phase in both wild type (WT) and BAR1/BAR2 KO OIR mice results in 

enhanced neovascular responses, with increased levels of VEGF (Dal Monte et al., 2015). This is in 

line with the fact that BAR3 activation requires higher concentrations of catecholamines compared 

to BAR1 and BAR2 and that, therefore, BAR3 mediated response can be appreciated when BAR1 

and BAR2 mediated effects are diminished (Gauthier et al., 2000; Yang et al., 2019) or when BAR3­

signalling is potentiated by hypoxia­dependent BAR3 overexpression. To sum up, the role of BAR3 

in VEGF production and its contribution to retinal neovascularization is still under debate. 

However, considering that HIF­1α, BAR3 and catecholamines as noradrenaline are concomitantly 

activated  in  different  hypoxic  contexts,  including  the  intrauterine  environment,  it  is  legitimate  to 

speculate  that  an  early  exposure  to  relative  hyperoxia  at  birth  might  induce  vascular  regression 

through a coordinated action of these three players (Filippi et al., 2022a). 

 

2.6 Principal ROP models 

 

At the present day, different ROP models exist. Here, the most commonly used one will be briefly 

summarized, starting from the well­known in vivo ones and presenting the in vitro ones. 

 

2.6.1 OIR models 

 

Ashton et al. were among the first researchers to investigate the effect of changing oxygen tension on 

retinal vascular development in kittens, realizing a first model of OIR. Particularly, OIR was obtained 

in  kittens  using  40%  oxygen  (Ashton  et  al.,  1953;  Ashton  et  al.,  1954).  Kitten  retinal  vascular 

development shows similarities to the human one (Flower et al., 1985); however, this model has some 

important disadvantages  such as costs and problems  regarding  reagents availability. Rabbits were 

used to study ROP, as well; nevertheless, rabbit retinal vessels are limited to a small area and do not 

mimic the retinal vascular human development (Madan et al., 2003). Regarding the first attempts to 

create an OIR model in rodents, it was noticed that, differently from kittens, in mice 70% oxygen was 

insufficient to appreciate the induction of retinopathy (Bischoff et al., 1983). Indeed, at least 80% 
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oxygen was necessary to obtain a suitable model (Patz et al.,1953). This data led to the generalization 

that  OIR  model  can  only  be  reliably  and  effectively  reproduced  using  near  complete  oxygen 

saturation level (Gole et al., 1990). Several subsequent advancements, as improved retinal vascular 

imaging, and a better understanding of the angiogenetic process, paved the way for establishing a 

more  rigorous  and  reliable  mouse  model  of  OIR,  up  to  the  one  described  by  Smith  et  al  (1994). 

Nowadays, this latter is the most exploited in vivo model to study ROP. This model depicted in Figure 

3 exploits the plasticity of neonatal mouse retinal blood vessels. Indeed, in rodents the hyaloid system 

regresses 2 or 3 weeks postnatally, coinciding with the period of retinal definitive vascular system 

development  (Penn  et  al.,  2008).  Indeed,  in  C57Bl/6  mice,  the  superficial  vascular  plexus  forms 

during  the  first week after birth by  radial outgrowth of vessels,  from  the optic nerve  towards  the 

periphery, reaching the retinal borders around postnatal day 8 (P8). From P7 onward, the superficial 

capillaries start sprouting vertically to form first the deep and subsequently the intermediate vascular 

plexi. The deep plexus reaches the retinal periphery by approximately P12, while the intermediate 

plexus reaches it by P12­P15. By the end of the third postnatal week, all the three vascular plexi are 

fully mature and it is possible to appreciate multiple interconnecting vessels between them (Stahl et 

al., 2010). 

The immature retinal blood vessels undergo regression when the animal is exposed to high oxygen 

concentrations. Particularly, in this model, in order to mimic the hyperoxic­ischemic phase of ROP, 

mice pups are placed to 75% oxygen pressure at P7, when there is an optimal balance between the 

regression of hyaloid vessels  and  immature  retinal  vasculature development  (Ashton et  al.,  1970; 

Smith et al., 1994). Hyperoxia in murine OIR model leads to obliteration of central retinal vessels 

while ROP in premature babies  results  from the  failure of vascularization of  the peripheral  retina 

(Aguilar et al., 2008; O’Bryhim et al., 2012). Loss of vessels correlates with  the concentration of 

inhaled oxygen (Claxton et al., 2005; Lange et al., 2009).  In contrast  to  the central  loss of retinal 

capillaries,  the peripheral vascular network  (though decelerated)  continues  to  spread centrifugally 

(Lange et al., 2009). Mice pups are let in this hyperoxic chamber for five days, after which, at P12, 

they are returned to normal room air. This latter is perceived as a hypoxic condition by the retina, 

partially  because  of  the  previous  condition  of  hyperoxia  and  partially  because  of  the  inadequate 

vascular  supply. This  situation, which  resembles  the  second phase of ROP,  leads  to  retinal  tissue 

ischemia and hypoxia, which results in increased levels of hypoxia­induced growth factors, including 

VEGF, that stimulate abnormal neovascularization at the junction between vascularized and avascular 

areas (Smith et al., 1994; Liu et al., 2017). These neovessels are hyperpermeable and protrude into 

the vitreous. Neovascularization level reaches its peak at P17. After P17, aberrant neovascularization 
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spontaneously starts to regress in a gradual way, and it completely disappears by about P25 (Smith et 

al., 1994; Connor et al., 2009).  

 

 
 
Figure 3. Mouse model of OIR. (A) Schematic representation of the mouse OIR procedure. Mice pups and 
their mother are exposed to 75% oxygen from P7 to P12. Hyperoxia suppresses the development of the retinal 
vasculature  and  leads  to  obliteration  of  the  existing  immature  retinal  vessels,  which  results  in  a  central 
avascular zone. At P12, mice are returned to room air, and the relative hypoxia triggers neovascularization. 
The  levels  of  neovascularization  reach  maximum  severity  at  P17.  B)  Images  of  retinal  flat  mounts  with 
isolectin  staining  in  the  normoxic  and  OIR  retinas  showing  the  normal  retinal  vasculature  at  P7,  vaso­
obliteration at P12 (the avascular area is indicated with white outline), and pathologic neovascularization at 
P17 (the vessel avascular area is highlighted with white dashed line). Scale bar, 1 mm (Liu et al., 2017). 
 

A similar in vivo model of ROP is represented by rat OIR. Rat retinal development follows a pattern 

similar to the human one. The retinal vasculature derives from mesenchymal precursor cells of the 

hyaloid artery, and vascularization starts at the optic disk and spreads until vessels reach the retinal 

periphery. In rat this process is completed by about P15 (Barnett et al., 2013). The rat OIR model was 

established in 1990, when Ricci showed that exposing new­born rats (P0) to 80% oxygen level and 

then to 40% oxygen tension causes more pronounced neovascularization rather than keeping rat pups 

under constant 80% oxygen (Ricci, 1990). Later, it was discovered that the exposure to alternative 

daily hyperoxia (50% oxygen pressure) and hypoxia (10% oxygen pressure) cycles for two weeks, 

followed by 6 days at room air results in higher level of neovascularization compared to the 80/40% 

oxygen model (Vähätupa et al., 2020). In the rat OIR model, like in humans, the retinal peripheral 

vessels are obliterated upon neonatal exposure to hyperoxia (Aguilar et al., 2008). 
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However, although the rat model of OIR produces a more human­like pathology, the mouse model 

of OIR is the most widely used model to mimic ROP, as it very closely recapitulates the pathologic 

events that occur in ROP (Aguilar et al., 2008). 

In rodent OIR models, lactating mothers are exposed to oxygen variation together with their pups, so 

they can feed them. Occasionally, mothers expire because of oxygen toxicity but this problem can be 

solved letting them at normal oxygen tension for 5­10 minutes every day. However, they usually get 

stressed after OIR protocol and they can even eat their next litter.  

Notably, the OIR model is commonly used to study angiogenesis in general, not only retinal vessel 

development (Selvam et al., 2018 and references therein). 

 

2.6.2 In vitro models 

 

Continuous and primary in vitro cultures are largely used to study cellular mechanisms occurring in 

several  pathologic­like  conditions  as  ROP.  Due  to  the  relevance  of  VEGF  in  ROP  disease 

progression, human Müller  cells  (MIO­M1) and hREC can be very useful  to  study ROP.  Indeed, 

Müller glial cells are the major VEGF producer within the retina, particularly during hypoxia (Pierce 

et al., 1995; Kaur et al., 2008) while, on the other hand, retinal endothelial cells are the main VEGF 

receivers, even though they are also able to produce it (Tugues et al., 2011). MIO­M1 cells represent 

a continuous (or stabilized) cell line isolated from healthy human retina which behave like human 

Müller glia (Limb et al., 2002). Instead, hREC represent a primary human cell line which is a mixture 

of venous and arterial cell populations (Su et al., 1992). 

These two in vitro species can be useful tools to investigate the physiological and pathological events 

that occur within  the retina under  the different phases of ROP progression.  Indeed,  the hyperoxic 

phase  of  the  pathology  can  be  mimicked  maintaining  these  cells  at  75%  oxygen  and  5%  carbon 

dioxide  (CO2). On  the other hand, ROP hypoxic phase can be mimicked maintaining cells at 1% 

oxygen and 5% CO2. Viability assays and various molecular analyses can be performed after 24h 

exposure to altered oxygen tension.  

 

 

3. Glaucoma 

 

The term glaucoma refers to a wide group of lifelong progressive optic neuropathies  that differ in 

their cause, risk factors, demographics, symptoms, duration, treatment, and prognosis (Jonas et al., 

2017).  The  common  features  of  all  glaucoma  forms  are  excavation  or  cupping  of  the  optic  disc, 
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apoptotic degeneration of RGC and thinning of the NFL. The so­damaged optic nerve sends signals 

from the eyes to the brain resulting in patch loss of vision, usually starting from peripheral vision. 

Glaucoma progressively affects also central vision and narrowing of vision is a symptom that can 

occur in both eyes (Flaxman et al., 2017; Kishore et al., 2020). At the present, glaucoma is the leading 

cause of irreversible blindness worldwide (Flaxman et al., 2017) and the second most common cause 

of blindness globally, after cataract (Kingman, 2004). Glaucoma is currently considered as an age­

dependent disease with pathogenetic mechanisms common to those of additional neurodegenerative 

pathologies of the elderly; because of the growing proportion of older persons in the world population, 

it is predicted that more than 110 million people will  suffer from glaucoma by 2040 (Tham et al., 

2014).  

 

3.1 A brief history  

 

Glaucoma was known since ancient  times when around 400 bC,  the Greek physician Hippocrates 

described the ocular deterioration of “glaucosis,” as the condition in which elderly patients suffered 

from blindness with a characteristic clouding of the pupil. Subsequently, it was described as “hardness 

of the eyeball” (Killer et al., 2018 and references therein). The English ophthalmologist Banister was 

the first to understand the connection between the increased tension of the eyeball and the pathology 

of glaucoma. The invention of the ophthalmoscope by von Helmholtz in 1850 made it possible to 

observe  glaucoma­related  changes  in  the  fundus  (Grewe,  1986).  The  first  evidence  that  high 

intraocular pressure (IOP) can lead to blindness was found in 1862 by Donders, and the related disease 

was initially called “Glaukoma simplex” (Killer et al., 2018 and references therein). Further progress 

in the diagnosis of glaucoma was made by the invention of the tonometer.  In 2000, the Advanced 

Glaucoma Intervention Study officially recognized that lowering of the IOP can be correlated with 

reduced progression of visual field loss (The AGIS Investigators, 2000).  

 

3.2 Aqueous humour and glaucoma 

 

The pathophysiology of glaucoma­related neurodegeneration is not completely understood. The level 

of IOP is undoubtedly related to the loss of RGC and optic nerve fibres in some, if not all, patients 

with primary open­angle glaucoma (see the section 3.4 “Classification”) (Weinreb et al., 2004).  

IOP  directly  depends  on  proper  aqueous  humour  outflow  (Goel  et  al.,  2010).  Indeed,  there  is  an 

equilibrium  between  production  and  drainage  of  aqueous  humour;  alteration  of  humour  aqueous 

outflow  results  in elevation of  IOP  (Kass  et  al.,  1980). The aqueous humour  is  a  transparent and 
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colourless fluid that fills and helps form the anterior and posterior chambers of the eye. It is analogous 

to a blood surrogate for  the  lens and cornea, which must  remain avascular  in order  to allow light 

transmission. In fact, aqueous humour provides these structures with nutrients and removes metabolic 

debris; it also transports neurotransmitters, stabilizes the ocular structure, contributes to the regulation 

of homeostasis and allows inflammatory cells and mediators to circulate in the eye under pathological 

conditions (Goel et al., 2010). The aqueous humour is produced by the processes of the ciliary body 

in  the  posterior  chamber.  Then,  it  flows  around  the  lens  and  through  the  pupil  into  the  anterior 

chamber  where  a  temperature  gradient  creates  a  convective  flow  pattern.  This  flow  results  in  an 

average IOP of approximately 15mmHg, which is necessary to maintain the proper shape and optical 

properties of the eye globe (Millar et al., 1995). The upper limit of physiological IOP in humans is 

considered 21mmHg (Kang et al., 2021). The aqueous humour leaves the eye by passive flow via two 

pathways localized to the anterior chamber angle. One of them is the so­called conventional pathway 

and the other one is called non­conventional one. Following the conventional pathway depicted in 

Figure  4,  the  aqueous  humour  passes  through  the  trabecular  meshwork,  across  the  inner  wall  of 

Schlemm’s canal, into its lumen, and into draining collector channels, i.e. the aqueous veins and the 

episcleral veins. The non­conventional route, instead, is composed of the uveal meshwork and the 

anterior face of the ciliary muscle (Goel et al., 2010 and references therein). 

  

 
 
Figure 4. Schematic image describing the trabecular meshwork conventional outflow pathway of the 
aqueous humour. Aqueous humour is produced by the processes of the ciliary body, and it flows (dashed line 
shown with arrowheads) from the posterior chamber through the pupil into the anterior chamber. From there 
it flows out through the trabecular meshwork into the Schlemm’s canal and  then,  it  is  absorbed  into  the 
episcleral veins through the collector channels (Goel et al., 2010). 
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Aqueous humour drainage can be facilitated through contraction of the ciliary muscle, which pushes 

aqueous  humour  through  the  chambers  and  decreases  outflow  resistance  through  the  trabecular 

meshwork and Schlemm’s canal (Marshall et al., 2018). Disruption  of  aqueous  humour  outflow 

usually occurs through the conventional pathway, and it leads to increased IOP (Kass et al., 1980). 

 

3.3 Optic nerve damage 

 

The  lamina  cribrosa  is  a  highly  organized,  multi­layered,  connective  tissue,  where  the  sclera  is 

perforated in order to allow the optic nerve fibres (i.e. RGC axons) to exit the eye. Thus, it is also the 

weakest point in the wall of the pressurized eye. Hence, it is not surprising that when IOP increases 

above physiological levels, it may cause compression, deformation, and remodelling of the lamina 

cribrosa (Bellezza et al., 2003). All these alterations of the lamina cribrosa structure, can cause loss 

of  the  normal  neural  structure  and  disruption  of  axonal  transport,  with  interruption  of  retrograde 

delivery  of  essential  trophic  factors  to  RGC  from  their  brainstem  target  (Weinreb  et  al.,  2014). 

Decreased neurotrophic signalling to the RGC likely results in the initiation of apoptosis (Kang et al., 

2021). 

The cup is the depression in the centre of the optic disc which, in glaucoma, progressively enlarges 

because of damage to the lamina cribrosa and loss of RGC axons (Kang et al., 2021) resulting in 

cupping,  a characteristic appearance of  the optic disc,  and visual  loss  (Figure 5)  (Weinreb et  al., 

2004). 

 
 
Figure  5.  Normal  and  glaucoma  affected  eyes.  Cupping  of  the  optic  disc  is  a  pathological  feature  of 
glaucoma. Elevated intraocular pressure (IOP) causes compression, deformation and remodelling of the lamina 
cribrosa, resulting in typical excavation of the optic disc, which is absent in normal healthy eyes. Cupping of 
the optic disc can damage retinal ganglion cells (RGC) axons leading to apoptotic degeneration of RGC and, 
eventually, vision loss (Balakrishnan, 2017). 
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3.4 Classification 

 

According to the morphology of the anterior chamber angle, glaucoma can be divided into angle­

closure  glaucoma  (ACG)  and  open­angle  glaucoma  (OAG).  The  anterior  chamber  angle  contains 

Schlemm’s canal, that is collocated between the peripheral cornea and the peripheral iris (Jonas et al., 

2017). 

ACG is characterized by the fact that the site of humour aqueous outflow is obstructed by apposition 

of the iris, resulting in an anatomically closed angle (Weinreb et al., 2014). Particularly, in ACG the 

peripheral  iris  is in contact with the trabecular meshwork, thereby obstructing outflow of aqueous 

humour (Pan et al., 2011). Glaucoma is defined ACG if at least 270° of the angle is occluded (Weinreb 

et al., 2014). Pupillary block is the most common mechanism of ACG and is caused by resistance to 

aqueous humour flow from the posterior to anterior chambers through the pupil. Aqueous humour 

accumulates  behind  the  iris  increasing  its  convexity  causing  angle  closure.  ACG  patients  can 

complain of ocular pain, nausea, vomiting and acute visual  loss  (Weinreb et al., 2014). However, 

ACG is predominantly an asymptomatic disease with individuals often unaware of the disorder until 

advanced visual loss occurs (Quigley, 2011). 

OAG, instead, is characterized by increased resistance of humour aqueous outflow, usually through 

the  trabecular meshwork, although no obstruction  is clinically visible. OAG patients are  typically 

asymptomatic until evidence of severe damage (Pan et al., 2011; Marshall et al., 2018). OAG is a 

chronic condition, usually bilateral, often with each eye being affected to a different degree (Marshall 

et al., 2018).  

Both ACG and OAG are further divided into primary or secondary glaucoma, indicating, respectively, 

the lack or the presence of other clinically identifiable ocular or systemic disorders to account for 

glaucoma  onset  as,  for  example,  traumatic  glaucoma,  uveitic  glaucoma,  drug­induced  glaucoma, 

advanced cases of cataract or diabetes, and others (Greco et al., 2004).  

The normal tension glaucoma is a condition in which patients experience glaucomatous deleterious 

changes  despite  normal  IOP.  These  represent  approximately  one­third  of  all  primary  OAG  cases 

(Greco  et  al.,  2004).  Normal  tension  glaucoma  patients  might  display  an  abnormally  low 

cerebrospinal  fluid  pressure  in  the  optic  nerve  subarachnoid  space,  resulting  in  a  large  pressure 

gradient  across  the  lamina.  Indeed,  from  a  pathogenic  point  of  view,  a  low  cerebrospinal  fluid 

pressure  in  normal  tension  glaucoma  could  exert  the  same  effects  as  high  IOP  in  high  tension 

glaucoma (Ren et al., 2010). 

Finally, the pathological conditions of congenital and juvenile glaucoma exist, as well, but they will 

not be discussed in this thesis.  
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3.5 Risk factors 

 

The  mechanisms  initiating  glaucomatous  optic  nerve  damage  are  still  unclear;  elevated  IOP  is 

currently seen as a major risk factor for glaucoma rather than its cause (Pan et al., 2011; Gallego et 

al., 2012; Nickells et al., 2012). Indeed, the definition of glaucoma has progressively evolved from 

an eye pressure­disease to an optic neuropathy (Pan et al., 2011). Ocular perfusion pressure (OPP) is 

an important factor in determining IOP level, as it is calculated as the difference between systemic 

blood pressure and IOP. OPP is relevant for glaucoma since poor perfusion of the optic nerve may 

contribute to disease development and progression (Kang et al., 2021 and references therein). Besides 

OPP, circadian rhythms and the episcleral vein pressure contribute to determine IOP level; however, 

the main player affecting IOP is the balance between secretion and drainage of the aqueous humour 

(Brubaker,  1991).  IOP  is  currently  the  solely  modifiable  risk  factor  for  glaucoma  and  different 

medications are available to control it (Guglielmi et al., 2019; Sheybani et al., 2020). However, there 

are  glaucomatous  patients  in  which  the  neurodegeneration  process  progresses  despite  IOP  under 

control  (Cockburn  1983;  Brubaker  1996;  Heijl  et  al.,  2002)  Moreover,  normotensive  glaucoma 

progresses despite the absence of any IOP increase (Kamal 1998; Mallick et al., 2016; Killer et al., 

2018;  Kang  et  al.,  2021).  Thus,  even  though  IOP  is  an  important  risk  factor  for  glaucoma 

development,  it  is clear that a normal  IOP value does not rule out  this pathology (Hollands et al., 

2013). 

Another well­known risk factor for glaucoma condition is age. Indeed, glaucoma risk increases with 

age  and,  particularly,  people  older  than  60  years  are  6  times  more  likely  to  develop  glaucoma 

compared to younger ones (Greco et al., 2004). In these patients, glaucoma can be expected to be 

associated with other age­related diseases (McMonnies, 2017). 

Risk of OAG development increases when medical examinations reveal an increased cup­disk ratio, 

cup­disk  ratio  asymmetry,  or  disc  haemorrhage  (Hollands  et  al.,  2013).  The  ethnic  group  is  also 

relevant. Indeed, in 2003 Racette et al. estimated the prevalence of primary OAG in black American 

population to be six times higher compared to whites (Racette et al., 2003). Moreover, the pathologic 

condition of ACG is prevalent in Asian or Inuit descents (Kang et al., 2021). 

In 2002, the Ocular Hypertension Treatment study reported male gender as a useful predictor for the 

onset of primary OAG (Gordon et al., 2002). However, a more recent review showed that there is no 

correlation between gender and OAG while, regarding ACG, women seem to be more affected than 

man  (Vajaranant  et  al.,  2010).  Other  relevant  risk  factor  for  ACG  development  deal  with  ocular 

structure features (Weinreb et al., 2014 and references therein). 
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3.6 Principal glaucoma models 

 

The mouse strain DBA/2J represents the most commonly used congenital mouse model of chronic 

secondary angle­closure glaucoma, and it was first described in 1995 by Sheldon et al (Sheldon et al., 

1995). The DBA/2J mice spontaneously develop anterior segment anomalies, iris atrophy, peripheral 

anterior synechiae and pigment dispersion, leading to raised IOP. The IOP is usually reported to start 

increasing by 7th–9th months of life and it is known to be very different in the two eyes (Turner et al., 

2017). However,  there are many complications to consider when using the DBA/2J mice.  Indeed, 

their eyes undergo many changes that makes techniques like IOP measurement, electrophysiology, 

and fundus imaging very difficult to perform. Likely, high numbers of mice will be needed since, 

often, DBA/2J mice die because of systemic complications leading to cardiovascular dysfunctions 

(Turner et al., 2017).   

A  different  kind  of  glaucoma  paradigm  is  represented  by  rodent  models  in  which  an  artificial 

occlusion of the aqueous outflow pathway is realized, leading to acute IOP elevation. These models 

mimic the elevated IOP­induced damages relative to the optic nerve and to the retina. The blockade 

of the aqueous humour outflow can be obtained either by intracamera injection of occluding materials 

or by sclerotic damage of the outflow structures/vasculatures (Pang et al., 2020). One example of this 

kind of models is the methylcellulose (MCE) one, that was initially developed in rabbits (Zhu et al., 

1992) and subsequently applied in rats (Pescosolido et al., 2015) and mice (Cammalleri et al., 2020). 

In  the MCE model  the  aqueous outflow pathway  is  occluded  by MCE  injection  into  the  anterior 

chamber of the eye. MCE is a viscoelastic substance that, when injected into the anterior chamber, 

accumulates  in  the  trabecular  meshwork  and  Schlemm’s  canal,  thus  mechanically  blocking  the 

aqueous humour outflow and leading to elevated IOP (Pang et al., 2020). Compared to other models 

that mimic the human acute ACG – as in the case of the ischemia/reperfusion model, characterized 

by a transient acute IOP elevation (Russo et al., 2016) – the prolonged IOP elevation characterizing 

the MCE model more closely simulates the human hypertensive glaucoma (Cammalleri et al., 2020). 

A synchronous approach to study RGC injury in many mouse strains is represented by the optic nerve 

crush (ONC) model (McKinnon et al., 2009). This model can be used to examine central nervous 

system injuries in general or as a model of glaucoma (Yoles et al., 1998; Cho et al., 2005; Cai et al., 

2012; Sullivan et al., 2012). Indeed, the ONC experimental model produces an insult mimicking many 

molecular changes that occur in murine models of glaucoma characterized by either an induced or an 

intrinsic elevation of IOP (Schlamp et al., 2001; Steele et al., 2006; Libby et al., 2007; Howell et al., 

2011; Panagis et  al., 2011). ONC is  realised  in anesthetized mice, making a small  incision  in  the 
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conjunctiva and rotating the globe to expose the optic nerve. The so­exposed optic nerve is grasped 

about 1–3 mm from the globe for 10 seconds, with the only pressure from the self­clamping action to 

press on the nerve. During the clamping, depending on the mouse strain and the aesthetic, it is possible 

to  see  mydriasis  (Templeton  et  al.,  2012).  The  different  methods  and  timing  variations  of  the 

procedure are determined based on the animal, the injury being simulated, as well as the method of 

analysis post crush. For example, a variety of  techniques can be used  to  injure  the optic nerve  in 

rodents: physically transecting the nerve (Sun et al., 2011), using clips to crush the nerve (Feng et al., 

2010), or using forceps to crush the nerve (Templeton et al., 2009). In addition to the studies crushing 

the nerve, the duration of the crush varies considerably, ranging from 3 to 5 s (Li et al., 1999; Ohlsson 

et al., 2004; Cho et al., 2005; Vázquez­Chona et al., 2007; Ma et al., 2009; Templeton et al., 2009). 

 

3.7 Nutraceuticals and glaucoma 

 

Up to date, despite promising pre­clinical results (Husain et al., 2012; Can et al., 2015; Krishnan et 

al., 2019), the usage of neuroprotective treatments in clinical trials has not been fruitful to manage 

glaucoma  (Yadav  et  al.,  2020  and  references  therein).  Moreover,  the  scarce  tolerability  of  most 

neuroprotective compounds poses several concerns about their usage (Almasieh et al., 2017). On the 

other  hand,  the  possibility  to  exploit  nutritional  intervention  in  glaucoma  to  preserve  vision  has 

recently  risen  a  lot  of  interest.  Nutraceuticals  are  often  referred  to  as  supplements  derived  from 

botanicals or other natural products  including  regular  food,  that contain active  ingredients able  to 

exert medical benefits (Kalra, 2003). Several nutraceuticals have proven to be effective in preventing 

RGC degeneration  in glaucoma, both  at  the preclinical and clinical  levels  (Rusciano et  al., 2017; 

Morrone et al., 2018). For instance,  two distinct epidemiological studies found out  that high rates 

consumption  of  green  leaves,  vegetables,  fruits  and  fruit  juices  reduced  the  risk  of  developing 

glaucoma (Coleman et al., 2008; Giaconi et al., 2012). Moreover, it was shown that dietary resveratrol 

or α lipoic acid are able to counteract RGC loss in glaucoma models (Inman et al., 2013; Lindsay et 

al., 2015).  

Nutraceuticals may confer protection in glaucoma interfering with its molecular pathways, including 

oxidative  stress,  inflammation,  mitochondrial  dysfunction,  apoptosis,  and  vascular  dysregulation. 

Their  action  in  glaucoma  could  range  from  protecting  undamaged  RGC  and  their  axons  to  the 

prevention  of  apoptosis  in  deeply  damaged  cells  (Osborne,  2008).  Consistently,  an  antioxidant­

enriched  diet  efficiently  counteracted  glaucomatous­related  pathologies  by  increasing  the  rate  of 

blood circulation to the optic nerve and promoting RGC survival (Loskutova et al., 2019). Moreover, 

Lisosan  G,  a  nutritional  supplement  derived  from  whole  grains  containing  metabolites  with 
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antioxidant  properties,  was  able  to  ameliorate  RGC  function  in  DBA/2J  mice  and  to  decrease 

oxidative stress and inflammation levels, RGC death, and macroglial activation (Amato et al., 2021). 

Triterpene acids are compounds with antioxidant and neuroprotective properties (Qian et al., 2016; 

Wang et al., 2018) and their efficacy against glaucoma­related dysfunctions is progressively emerging 

from  literature  in  different  glaucoma  models  as  ONC  (Kyung  et  al.,  2015),  trabecular  laser 

photocoagulation (Gu et al., 2018) and microspheres injection (Huang et al., 2018). 

Vitamins are natural compounds that can be found both in plants and in animals, characterized by 

antioxidant and neuroprotective activity (Veach, 2004; West et al., 2006; Lawler et al., 2019; Scuteri 

et al., 2020). Particularly, vitamin E, i.e. alpha­tocopherol, is a powerful fat­soluble antioxidant able 

to prevent the oxidation of polyunsaturated fatty acids in cell membranes; deficiency of vitamin E 

increased RGC death ratio in a rat model of elevated IOP glaucoma, leading to higher levels of retinal 

lipid peroxidation (Ko et al., 2010). Moreover, a neuroprotective effect of oral supplement of alpha­

tocopherol  acetate  was  reported  in  a  nonrandomized  placebo­controlled  study  conducted  on  30 

glaucomatous patients (Engin et al., 2007).  

Due  to  their  antioxidant  properties,  nutraceuticals  might  also  be  effective  in  reducing  glaucoma­

related inflammation. Indeed, oxidative stress plays a pivotal role in the development of inflammation 

(Gill et al., 2010; Reuter et al., 2010) since it activates the redox­sensitive transcription factor nuclear 

factor  kappa­light­chain­enhancer  of  activated  B  cells  (NF­κB), which is known to regulate the 

expression of several inflammatory molecules – including interleukin­6 (IL­6) and tumour necrosis 

factor  alpha  (TNF­α) –  and apoptosis  inhibiting factors,  such as B­cell  lymphoma 2  (Kabe et  al., 

2005;  Harari,  2010).  This  leads  to  detrimental  consequences  on  RGC  survival,  promoting 

neurodegeneration (Tezel, 2013). 

The ameliorative cascade triggered by some dietary supplementations does not appear to depend on 

IOP reduction – rather it seems to activate IOP­unrelated mechanisms of action (Inman et al., 2013; 

Cammalleri  et  al.,  2020;  Amato  et  al.,  2021)  –  although  experimental  evidence  of  efficacy  of 

nutraceuticals  and  anti­oxidants  in  the  reduction  of  IOP  exists  (Scuteri  et  al.,  2020).  Yet,  a  few 

prospective  randomized clinical  trials  have been performed and  results of  association  studies  and 

systematic reviews are still controversial and not conclusive (Scuteri et al., 2020; Garcia­Medina et 

al., 2020). On the other hand, the neuroprotective efficacy of nutritional compounds has been clearly 

shown in glaucoma patients regardless of their efficacy in lowering IOP (Shen et al., 2015; Ju et al., 

2018). Indeed, several IOP­independent mechanisms can contribute to RGC death, such as oxidative 

stress, excitotoxicity, neuroinflammation, impaired ocular blood flow, trophic factor deprivation and 

mitochondrial dysfunction (Alqawlaq et al., 2019; Adornetto et a., 2020). 
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The possibility  to exploit nutritional supplements  in order  to counteract  the detrimental effects of 

glaucoma, possibly promoting RGC survival and preserving  their  functionality,  is very attractive, 

especially when irreversible damage of RGC has not appeared yet. 
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Aims 
 

Once  retinal  atrophy,  the  end  stage of most  retinal  pathologies, has occurred or when  RGC have 

already died, pharmacological  intervention and/or surgery might not be effective. For  this  reason, 

preventive treatments should be taken into account. 

Herein,  we  exploited  in  vitro  and/or  in  vivo  models  to  investigate  the  main  effects  of  two  main 

pathologies  affecting  retinal  homeostasis  and  functionality,  that  is  to  say  ROP  and  high­tension 

glaucoma.  

 

(i)  Retinal neovascularization of ROP is characterized by an excessive ad aberrant growth of 

blood vessels which can lead to retinal detachment. This thesis explored new strategies (i) 

to counteract VEGF increase characterizing the second disruptive ROP phase, in order to 

prevent neovascularization (ii) and also to rise VEGF level when needed, i.e. during the 

hyperoxic­ischemic phase of ROP. 

Particularly, we sought to understand whether VEGF overexpression could be attenuated 

treating the hypoxic cell lines MIO­M1 and hREC with the BAR3 antagonist SR59230A. 

We  then  investigated  the  putative  effect  of  the  drug  in  modulating  NOS  isoforms 

expression, since NOS could be involved in BAR3­dependent modulation of VEGF. 

We also exploited the murine OIR model, analysing retinal vasculature development when 

mice were administered with SR59230A during the hypoxic phase. Finally, we evaluated 

the effects of administering Salbutamol and BRL37344, respectively BAR2 and BAR3 

specific  agonists,  during  the  OIR  hyperoxic  phase  in  terms  of  alterations  in  VEGF 

expression. 

 

(ii)  RGC loss of  function and death  characterizing glaucoma  represent  the  final  steps of a 

wider  molecular  pathway  involving  oxidative  stress,  glia  reactivity,  inflammation  and 

many other factors, on which it could be advantageous to act prior to RGC degeneration. 

In the present work, we investigated whether a special nutraceutical­based diet could be 

effective  in  preventing  some  of  these  deleterious  outcomes  characterizing  glaucoma. 

Specifically, MCE­injected mice were fed either a standard commercial pellet diet or the 

same food supplemented with an Acebuche (ACE) oil obtained from the wild olive tree 

(Olea europaea var. sylvestris). The putative efficacy of the special diet was evaluated in 

terms of prevention of glia activation, suppression of inflammation, decrease of oxidative 
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stress, protection against ischemic damage, reduction of apoptosis rate and counteraction 

of RGC loss of function. 
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Results and discussion 
 

1. ROP Project: in vitro findings 

 

Overview  

 

During  normal  retinal  development,  physiological  hypoxia  stimulates  retina  vascularization, 

especially  through  HIF­1α  stabilization  and  VEGF  expression  (Penn  et  al.,  2008).  In  premature 

newborns, the relative hyperoxia of the extra­uterine environment inhibits VEGF production resulting 

in suppression of retinal blood vessel growth and partial regression of existing vessels. This is the 

first phase of ROP, i.e. the hyperoxic­ischemic one. During this phase the formation of an avascular 

area within the retina can be appreciated. The imbalance between the poorly developed retinal vessel 

network and  the  increasing metabolic demand of  the neural  retina  leads  to  the second, disruptive, 

phase of ROP, i.e. the hypoxic­proliferative phase. In this second phase, VEGF is overexpressed and 

vessels growth is misfolded and uncontrolled (Chen et al., 2007). Neovascularization occurs on the 

surface of  the  retina and causes  functional  impairments and severe vision  loss  (Zou et al., 2010). 

Several  anti­VEGF  drugs  (such  as bevacizumab, ranibizumab…)  are  currently  used  in  the 

management of ROP, although off target (Sankar et al., 2018). However, undesirable consequences 

due to these anti­VEGF treatments can occur since VEGF and its receptors play an important role in 

the  development  of  the  neural  retina  (Penn  et  al.,  2008).  Consequently,  new  pharmacological 

approaches for the treatment or even for the prevention of ROP are urgently needed.  

A huge amount of evidence is progressively highlighting the role played by BAR in angiogenesis via 

modulation of proangiogenic factors such as VEGF (Pérez­Sayáns et al., 2010; Tugues et al., 2011; 

Martini et al., 2011; Dal Monte et al., 2013a; Dal Monte et al., 2013b). Within the retina, Müller glia 

is the main source of VEGF (Pierce et al., 1995; Kaur et al., 2008), while endothelial cells represent 

the main target of VEGF, although they are also able to produce it (Tugues et al., 2011). Thus, we 

chose  one  Müller  and  one  endothelial  cell  lines,  both  of  human  origin,  to  analyse  the  effects  of 

hypoxia especially on BAR expression, but also on VEGF and HIF­1α one. Then, we assessed NOS 

expression  in  hypoxic  cells  to  investigate  its  putative  involvement  in  BAR3­dependent  VEGF 

modulation.  
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Outcomes 

 

BAR3 is the most responsive BAR subtype to oxygen deprivation 

The expression of BAR1, BAR2 and BAR3 was evaluated in hREC and MIO­M1 cells exposed to 

normoxia or hypoxia  for 24h.  We  showed  that,  among  BAR,  the most  responsive one  to oxygen 

tension is BAR3 (Figure 1). Indeed, it is the only BAR isoform overexpressed in hypoxia, in both 

cell lines, both at mRNA and protein level. 

 

 
 
Figure 1. BAR expression in MIO­M1 cells and hREC in normoxic or hypoxic conditions. (A) In MIO­
M1 cells, neither mRNA nor protein levels of BAR1 were affected by oxygen deprivation. (B) BAR1 mRNA 
level in hREC was increased by hypoxia, while BAR1 protein level was not. Similarly, hypoxia did not alter 
BAR2  mRNA  or  protein  level  neither  in  MIO­M1  cells  (C)  nor  in  hREC  (D).  In  both  cell  lines  hypoxia 
increased both mRNA and protein expression of BAR3 compared to normoxic cells (E, F). The values reported 
in the mRNA graphs represent the BAR1,2,3 mean values of relative expression versus β­actin ones, ± S.D. 
Each column in these graphs represents the mean of data from three independent samples. The values reported 
in  the protein graphs represent the BAR1,2,3 bands optical density mean values normalized versus β­actin 
ones,  ±  SD.  Each  column  in  these  graphs  represents  the  mean  of  data  from  three  independent  samples. 
Statistical significance was evaluated through unpaired t­test. * p < 0.05; ** p < 0.01; *** p < 0.001.  
 



36 
 

Immunocytochemistry  was  performed  on  normoxic  and  hypoxic  MIO­M1  cells  (Figure  2).  The 

experiments provided additional qualitative data about the expression level of these targets following 

24h hypoxic treatment. 

 

 
 
Figure 2. BAR staining in MIO­M1 cells and hREC in normoxic or hypoxic conditions. BAR1, BAR2 
and BAR3 were stained on MIO­M1 cells following 24h or 24h hypoxic exposures. Cell nuclei were visualized 
by DAPI staining. Scale bar = 50 µm. 
 

The canonical HRE  localized at position 3546  relative  to  the  transcription start  site  in  the human 

ADRB3 gene (Dal Monte et al., 2020) could account for oxygen­dependent BAR3 regulation at the 

transcriptional level. Moreover, it was recently demonstrated that BAR3 can be regulated by HIF­1α 

(Amato et al., 2022) and that BAR3 protein shows 7 to 8 proline residues, which are hydroxylated in 

normoxia and stabilized by hypoxia (Dal Monte et al., 2020). These data could explain the strong 

oxygen­dependent modulation of BAR3 protein. Furthermore, BAR3 response to hypoxia is the same 

as the one of HIF­1α and VEGF expression, which significantly increased in both cell lines, as shown 

in Figure 3. 
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Figure  3.  HIF­1α and VEGF were upregulated by hypoxia  in  MIO­M1  cells  and  hREC.  Hypoxic 
treatment  increased protein  level of HIF­1α in both MIO­M1 cells  (A) and hREC (B). VEGF mRNA and 
protein levels were increased by the treatments in both cell lines (C, D). The values reported in the mRNA 
graphs represent the VEGF mean values of relative expression versus β­actin ones, ± S.D. Each column in 
these graphs represents the mean of data from three independent samples. The values reported in the protein 
graphs represent the VEGF and HIF­1α bands optical density mean values normalized versus β­actin ones, ± 
S.D. Each column  in  these graphs represents  the mean of data from three  independent  samples. Statistical 
significance was evaluated through unpaired t­test. * p < 0.05; ** p < 0.01; **** p < 0.0001.  
 

BAR3 antagonism prevents VEGF upregulation in hypoxic cells, having no effect on HIF­1α 

Importantly, we demonstrated for the first time that BAR3 selective antagonism is able to efficiently 

prevent VEGF protein overexpression in both hypoxic MIO­M1 cells and hypoxic hREC, without 

affecting HIF­1α protein level (Figure 4). This strongly suggests that BAR3 signalling pathway can 

influence angiogenesis.  

In both the two cell  lines BAR3 blockade exerted no influence on VEGF production in normoxic 

condition, corroborating the hypothesis proposed by Dal Monte et al. (2015): only an adequate kind 

of stimulation could activate BAR3 and that, otherwise, this receptor activity would be masked by 

the one of other BAR isoforms (Dal Monte et al., 2015). The present results support this view and 

thus  the existence of a no­tonic  role  for BAR3  in VEGF production, probably aimed  to maintain 

VEGF homeostasis within  a given  tissue  in physiological  conditions. These  findings  suggest  that 
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BAR3 activity is necessary to sustain VEGF production in MIO­M1 cells and hREC during hypoxia, 

since, in condition of oxygen deprivation, its blockage significantly reduces VEGF expression not 

only compared to vehicle treated hypoxic cells but also to normoxic controls. 

Notably, SR59230A was able to efficiently counteract VEGF increase despite the strong upregulation 

of HIF­1α and despite the recently demonstrated positive influence of HIF­1 on BAR3 expression 

(Amato et al., 2022). This suggests the existence of a very robust impact of BAR3 blockade on VEGF 

production. 

 

 
 
Figure 4. VEGF hypoxic overexpression was prevented by BAR3 antagonism, with no effect on HIF­1α. 

Hypoxic increase of HIF­1α protein level was not affected by the BAR3 antagonist SR59230A neither in MIO­
M1 cells (A) nor in hREC (B). On the other hand, VEGF protein level hypoxia­dependent upregulation was 
prevented by pharmacologic treatment with SR59230A (C, D). The values reported in the graphs represent the 
VEGF and HIF­1α bands optical density mean values normalized versus β­actin ones, ± SD. Each column in 
these graphs represents the mean of data from three independent samples. Statistical significance was evaluated 
through Two­way ANOVA followed by Tukey’s post­hoc multiple comparison test. * p < 0.05; ** p < 0.01; *** 
p < 0.001; **** p < 0.0001. 
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BAR3 antagonism reduces iNOS expression in hypoxic cells 

Subsequently,  we  investigated  NOS  protein  expression  levels  in  MIO­M1  cells  and  hREC  in 

normoxic or hypoxic conditions (Figure 5). There is an HRE in the murine and in the human iNOS 

gene promoters; this identifies iNOS as a HIF­1 target in both species (Melillo et al., 1995; Lee et al., 

2019). Consistently, different studies demonstrated that hypoxia is able to induce the expression of 

iNOS  in  A549  human  lung  epithelial  cells  (Lee  et  al.,  2019),  in  rat  cardiac  myocytes  and  rat 

myocardium (Jung et al., 2000) and in the retina of hypoxic OIR mice (He et al., 2007), even though 

another work disagreed (Jantsch et al., 2011). We showed here that iNOS is significantly upregulated 

by hypoxia in MIO­M1 cells and in hREC. Interestingly, lack of BAR3 activity in hypoxic Müller 

cells  and hREC significantly  reduced  iNOS protein  level.  Indeed,  in both  cell  lines,  even  though 

hypoxia caused a strong upregulation of HIF­1α, iNOS was downmodulated or returned to a control­

like situation in the hypoxic SR59230A­treated cells. This might suggest that, together with HIF­1α 

stabilization,  strong  BAR3  activity  is  necessary  to  sustain  iNOS  protein  expression  in  oxygen 

deprivation. 
 

 
Figure 5. iNOS hypoxic overexpression was prevented by BAR3 antagonism. Western blot results show 
that iNOS hypoxic­dependent upregulation was prevented by pharmacologic treatment with SR59230A in both 
MIO­M1 cells (A) and hREC (B). The values reported in the graphs represent  iNOS bands optical density 
mean values normalized versus β­actin ones, ± SD. Each column in these graphs represents the mean of data 
from three independent samples. Statistical significance was evaluated through Two­way ANOVA followed 
by Tukey’s post­hoc multiple comparison test. * p < 0.05; ** p < 0.01; **** p < 0.0001. 
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BAR3 antagonism reduces eNOS expression in hypoxic hREC 

Western blot experiments revealed that eNOS is not expressed in human Müller cells (Figure 6A). 

In 1999 Haverkamp et al. (1999) claimed that eNOS isoform is expressed in all vertebrates’ Müller 

cells. However, they did not investigate eNOS expression in human Müller cells. A careful search of 

the literature revealed absence of data regarding eNOS expression in human Müller cells.  

In literature there are contradictory results regarding the effect of hypoxia on eNOS expression, likely 

due to the different cell types and the different hypoxia exposure times (McQuillan et al., 1994; Fish 

et  al.,  2007;  Ho  et  al.,  2013;  Janaszak­Jasiecka  et  al.,  2018).  Nevertheless,  our  results  showed  a 

significant increase of eNOS protein level following 24h hypoxia in hREC, concomitant with HIF­

1α upregulation. Interestingly, despite this strong overexpression of HIF­1α, BAR3 antagonism was 

able to restore a control­like situation of eNOS protein expression level in hypoxic condition (Figure 

6B). These results suggest that, despite the role of HIF­1α in eNOS synthesis, BAR3 signalling might 

deeply affect eNOS protein expression in hypoxic hREC.  

 

 
Figure 6. eNOS was not expressed in MIO­M1 cells, while its hypoxic upregulation was prevented by 
SR59230A in hREC. Western blot results show that eNOS is not expressed in MIO­M1 cells (A). In hREC 
(B),  its  hypoxic­dependent  upregulation  was  prevented  by  pharmacologic  treatment  with  SR59230A.  The 
values reported in the graph represent eNOS bands optical density mean values normalized versus β­actin ones, 
±  SD.  Each column  in  this  graph  represents  the mean  of data  from  three  independent  samples.  Statistical 
significance was evaluated  through Two­way ANOVA followed by Tukey’s post­hoc multiple comparison 
test. * p < 0.05; ** p < 0.01. 
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BAR3 antagonism reduces nNOS expression in hypoxic MIO­M1 cells with no effect in hREC 

Our results reported in Figure 7 show that nNOS in MIO­M1 is remarkably increased by hypoxia, in 

line with previous evidence obtained in astrocytes of human corpus callosum (Lorenzi et al., 2021). 

Interestingly, BAR3 antagonism in oxygen deprivation condition restored a control­like expression 

level of nNOS. This suggest that BAR3 signalling might play a role in nNOS production in MIO­M1, 

especially in low oxygen tension.  

We found nNOS expression  in hREC in  line with several previous studies showing  that nNOS is 

present  in  the vascular endothelium and contributes  to  the maintenance of  the homeostasis of  the 

cardiovascular system (Capettini et al., 2008; Costa et al., 2016 and references therein). However, 

differently from MIO­M1 cells,  in hREC, neither hypoxia nor BAR3 antagonism appear  to affect 

nNOS protein expression level. This might suggest that nNOS expression, depending on the cell type, 

could undergo a different regulation although the “conditioning” factor is the same. In line with this, 

it has been previously shown that  leptin is able to  induce nNOS expression in murine and human 

vessels and human endothelium but not in human smooth muscle cells (Benkhoff et al., 2012). 
 

 
Figure 7. nNOS hypoxic overexpression was prevented by BAR3 antagonism in MIO­M1 cells, while it 
is  not  altered  by  the  treatments  in  hREC.  Western  blot  results  show  that  nNOS  hypoxic­dependent 
upregulation was prevented by SR59230A in MIO­M1 cells (A). On the other hand, in hREC nNOS protein 
expression  level  was  affected  neither  by  hypoxia  nor  by  the  drug  (B).  The  values  reported  in  the  graphs 
represent nNOS bands optical density mean values normalized versus β­actin ones, ± SD. Each column in 
these graphs represents the mean of data from three independent samples. Statistical significance was evaluated 
through Two­way ANOVA followed by Tukey’s post­hoc multiple comparison  test.  *** p < 0.001;  ****p < 
0.0001. 
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Conclusions 

 

These data suggest that in MIO­M1 and hREC the protein levels of VEGF are deeply affected by 

BAR3  signalling  in  hypoxic  condition.  Indeed,  blockage  of  this  receptor  activity  in  oxygen 

deprivation condition resulted in a decreased expression of VEGF, despite the strong upregulation of 

HIF­1α. This occurs only under hypoxic condition, when this receptor is overexpressed, corroborating 

the hypothesis of a non­tonic role for BAR3 activity. Morevoer, hypoxia­dependent upregulation of 

iNOS in both cell lines and of nNOS or eNOS in Müller cells and hREC, respectively, is prevented 

by SR59230A. This might suggest a possible involvement of NOS in BAR3­mediated regulation of 

VEGF, in line with previous literature (Dessy et al., 2004; Rozec et al., 2006; Ziche et al., 2009; Dal 

Monte  et  al.,  2013;  Dal  Monte  et  al.,  2014;  Bueno­Pereira  et  al.,  2022).  However,  further 

investigations would be needed to dissect this point. 

Even though a correlation of these in vitro findings to ROP condition is difficult, they represent a first 

step in evaluating β­adrenergic system responses to oxygen deficiency, as well as BAR3 involvement 

in VEGF production through NOS signalling pathway.  

 

 

2. ROP Project: in vivo findings 

 

Overview 

 

Currently,  the murine OIR model  is  the most  exploited  in  vivo model  to  study ROP. This model 

exploits the plasticity of neonatal mouse retinal blood vessels (Smith et al., 1994). It is well known 

that  in  the  hypoxic  retinae  of  OIR  mice,  the  expression  levels  of  BAR1  and  BAR2  do  not  vary 

significantly, whereas the expression levels of BAR3 are remarkably increased compared to normoxic 

controls (Ristori et al., 2011; Amato et al., 2022). BAR3­mediated regulation of VEGF through NO 

has been demonstrated in different models (Dessy et al., 2004; Dal Monte et al., 2013a; Dal Monte et 

al., 2014; Bueno­Pereira et al., 2022). Importantly, in OIR mice, BAR3 activation with the specific 

agonist BRL37344 during the hypoxic phase in both WT and BAR1/BAR2 KO animals, results in 

enhanced pathological neovascularization, and increased VEGF expression (Dal Monte et al., 2015). 

However, in vivo administration of 5­20 mg/kg of the BAR3 antagonist SR59230A in hypoxic OIR 

mice  was  not  effective  in  reducing  neovascularization  and  tufts  formation  (Martini  et  al.,  2011). 

Differently  from  BAR3,  BAR2  is  not  much  responsive  to  oxygen  tension  (Ristori  et  al.,  2011). 



43 
 

Nevertheless,  in  OIR  mice, BAR1/2  blockade  with  propranolol  efficiently  downregulates  VEGF 

through destabilization of HIF­1α (Ristori et al. 2011) and additional results suggest that the efficacy 

of this treatment relies on BAR2 blockade alone rather than on BAR1 one (Martini et al., 2011; Dal 

Monte  et  al.,  2012).  In  line  with  this,  it  has  been  shown  that  BAR2  blocking  prevents  VEGF 

upregulation via BAR2/HIF­1/VEGF axis in human pancreatic tumour cells (Shan et al., 2013). Due 

to this evidence, we chose to evaluate the possible contribution of both BAR3 and BAR2 to VEGF 

synthesis and/or neovascularization in OIR mice. 

First of all, we investigated the possible efficacy of the in vivo administration of a higher dose of the 

BAR3 antagonist SR59230A in hypoxic OIR mice compared to the one previously used by Martini 

et  al.  (2011).  Particularly,  we  administered  three  times  per  day,  from  P12  to  P17,  through 

intraperitoneal injection, 40 mg/kg of the BAR3 blocker. The putative effects of BAR3 antagonism 

were then evaluated through immunohistochemistry in terms of counteracting neovascularization and 

tufts formation at P17. 

Next, we investigated whether stabilisation of VEGF levels during the hyperoxic phase through BAR 

agonism might led to a reduction in VEGF overexpression that occurs during the hypoxic phase. To 

this aim, we evaluated for the first time the effects of BAR3 and BAR2 agonism administration during 

the hyperoxic­ischemic phase of OIR, i.e., when VEGF levels are low. Daily administrations through 

intraperitoneal injection of 0,4 mg/Kg, 2 mg/Kg or 10 mg/Kg of BRL37344 or Salbutamol (a specific 

BAR2 agonist) were carried out from P5 to P12. The efficacy of both these agonist­based treatments 

was evaluated in terms of alterations, if any, in VEGF protein levels at P12 and P17. These timings 

were chosen since they represent crucial phases in the OIR mouse model. Indeed, at P12 the hyperoxic 

phase ends, and VEGF levels are extremely low and an increase would be needed; on the other hand, 

P17  is  characterised  by  the  highest  degree  of  tuft  density,  neovascularization,  and  VEGF 

overexpression. In this latter phase, a downmodulation of VEGF would be desirable.  

 

Outcomes  

 

SR59230A is not effective in counteracting neovascularization 

To investigate whether BAR3 antagonism could reduce retinal neovascularization and tuft formation, 

OIR mice were treated with high dosage (40 mg/Kg) of SR59230A during the hypoxic phase, from 

P12 to P17. At P17, immunohistochemistry on the whole retina was performed to visualize retinal 

blood vessels. In accordance with existing literature (Smith et al., 1994), hyperoxia exposure led to 

the formation of an avascular area in the central murine retina, that subsequently, during the hypoxic 

phase  underwent  incomplete  revascularization.  This  was  associated  with  pronounced 



44 
 

neovascularization at the conjunction between the vascular and the avascular areas and also in the 

periphery of the retina, with tufts formation.  

As shown in Figure 1, BAR3 antagonism with SR59230A was not able to counteract the progression 

of neovascularization, not even using a higher dose compared to the one used by Martini et al. (2011). 

This result appears to exclude that BAR3 had a role in modulating angiogenesis in the retina of OIR 

mice.  However,  the  encouraging  in  vitro  results  discussed  in  the  previous  section,  as  well  as  the 

remarkable amount of existing literature (Dessy et al., 2004; Dal Monte et al., 2013a; Calvani et al., 

2015; Dal Monte et al., 2015; Bueno­Pereira et al., 2022), seem to indicate the existence of a role for 

BAR3 in VEGF synthesis and angiogenesis modulation in hypoxic conditions.   

 

 
 
Figure 1. BAR3 antagonism was not able  to prevent  neovascularization  in OIR mice. Representative 
images of retinal whole mounts immunostained for isolectin B4. Normoxic and OIR mice were treated with 
40 mg/Kg SR59230A from P12 to P17. Neovascularization was assessed at P17 in untreated normoxic (A), 
SR59230A­trerated normoxic (B), untreated OIR (C) and SR59230A­treated OIR (D) mice. Pharmacologic 
treatment  with  SR59230A  did  not  affect  neovascularization.  Three mice  were  used  for  each  experimental 
condition. Scale bar = 1mm. 
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BRL37344 does not increase VEGF production during the hyperoxic phase 

To explore the possibility to rise VEGF production level during the hyperoxic phase of ROP through 

BAR3 agonism, we treated OIR mice from P5 to P12 with different doses (0,4 mg/Kg, 2 mg/Kg, 10 

mg/Kg) of BRL37344. Subsequently, we analysed VEGF protein expression at P12 and P17 and the 

results are described in Figure 2. 

VEGF levels in OIR mice at P12 remained significantly lower than those in normoxic mice, despite 

BAR3 agonism. In fact, none of the three dosages of BRL37344 used in the experiments was able to 

increase VEGF protein levels to restore a control­like situation at P12. There was also no reduction 

of  VEGF  hypoxic  OIR  mice  compared  to  controls  at  P17,  which  could  possibly  have  occurred 

following a stabilisation of its levels during the hyperoxic phase. This does not exclude the possibility 

that BAR3 contributes to VEGF modulation. In fact, the actual dose of agonist that reached the retina 

after systemic administration is unknown and could have been too low to be effective. Moreover, 

BAR3 is strongly downregulated in OIR during hyperoxia (Amato et al., 2022) and, therefore, the 

drug dose needed to produce an appreciable effect might have been higher than expected. It is worth 

noticing  that  2  mg/Kg  BRL37344  subcutaneously  administered  during  the  hypoxic­proliferative 

phase of OIR mice was able to worsen VEGF production (Dal Monte et al., 2015). However, during 

hypoxia, BAR3 is overexpressed rather than downmodulated, and vessels permeability, especially 

BRB permeability, is increased (Kaur et al., 2008; Deissler et al., 2008; Li et al., 2009). Thus, drug 

delivery  to  the  retina  in  such  conditions  can  be  facilitated  compared  to  hyperoxia  and  the  dose 

required to obtain an appreciable effect could be lower due to BAR3 upregulation. 

To  sum  up,  due  to  its  high  sensitivity  to  the  partial  pressure  of  oxygen,  BAR3  remains  a  very 

interesting target in the study of ROP. 
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Figure 2. BAR3 agonism was not able  to modulate VEGF level  in OIR mice.  Immunoblot of proteins 
coming from mice retinae. Normoxic and OIR mice were treated with different doses (0,4 mg/Kg, 2 mg/Kg, 
10 mg/Kg) of the BAR3 agonist BRL37344 from P5 to P12. Retinae were collected at P12 (A) and P17 
(B) and analysed for VEGF protein content. Pharmacologic treatment with BRL37344 failed to rescue VEGF 
protein level. NT = no treatment with BRL37344. Three mice were used for each experimental condition. The 
values reported in the protein graphs represent the VEGF bands optical density mean values normalized versus 
histone 3 (H3) ones, ± SD. Each column in the graphs represents the mean of data from three independent 
samples.  Statistical  significance  was  evaluated  through  Two­way ANOVA followed by Šidák’s  post­hoc 
multiple comparison test. ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
 

Salbutamol does not increase VEGF production during the hyperoxic phase 

Next, we investigated the possibility to rise VEGF level during the hyperoxic phase of ROP through 

BAR2 agonism. Therefore, we treated OIR mice from P5 to P12 with different doses (0,4 mg/Kg, 2 

mg/Kg, 10 mg/Kg) of Salbutamol and then we analysed VEGF protein expression at P12 and P17. 

The results are shown in Figure 3. 

BAR2  agonism  was  not  able  to  modulate  VEGF  levels  which  remained  significantly  lower  in 

hyperoxic OIR mice than in normoxic controls. In fact, none of the three dosages of Salbutamol used 

in the experiment was able to increase VEGF protein expression levels in order to restore a control­

like  situation  at  P12.  There  was  also  no  reduction  of  VEGF  in  hypoxic  OIR  mice  compared  to 

normoxic controls  at P17. This does not  rule out  the possibility  that BAR2 contributes  to VEGF 

modulation.  Indeed,  the  actual  dose  of  Salbutamol  that  reached  the  retina  after  systemic 

administration is unknown, and could have been too low to be effective. On the other hand, even if 

the  actual  drug  dose  within  the  retina  was  enough,  it  has  been  demonstrated  that  BAR2  is 

downmodulated by prolonged agonist exposure (Dal Monte et al., 2012). Thus, decreased receptor 

functional activity might be responsible for lack of efficacy of Salbutamol. 
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Figure 3. BAR2 agonism was not able  to modulate VEGF level  in OIR mice.  Immunoblot of proteins 
coming from mice retinae. Normoxic and OIR mice were treated with different doses (0,4 mg/Kg, 2 mg/Kg, 
10 mg/Kg) of the BAR2 agonist Salbutamol from P5 to P12. Retinae were collected at P12 (A) and P17 
(B) and analysed for VEGF protein content. Pharmacologic treatment with Salbutamol failed to rescue VEGF 
protein level. NT = no treatment with Salbutamol. Three mice were used for each experimental condition. The 
values reported in the protein graphs represent the VEGF bands optical density mean values normalized versus 
histone 3 (H3) ones, ± SD.  Each column in the graphs represents the mean of data from three independent 
samples.  Statistical  significance  was  evaluated  through  Two­way ANOVA followed by Šidák’s  post­hoc 
multiple comparison test. *** p < 0.001; **** p < 0.0001. 
 

Conclusion 

 

Previous results demonstrated the protective effects of BAR2 blockage or KO in hypoxic OIR mice 

(Dal Monte et al., 2015), as well as the inefficacy of BAR3 antagonism through SR59230A to reduce 

neovascularization  (Martini  et  al.,  2011).  Even  tested  at  a  higher  dosage,  the  BAR3  blocker 

SR59230A exerted no protective effect on neovascularization. Moreover, any modulation of VEGF 

by BAR3 and BAR2 agonism seems unlikely. Nevertheless, this lack of efficacy might also be due 

to insufficient local drug concentration as well as to downmodulation/desensitization of the receptors. 
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3. Glaucoma Project 

 

Overview 

 

Glaucoma is an optic neuropathy which leads to blindness due to RGC loss of function and death 

(Flaxman et al., 2017; Kishore et al., 2020). Hypertensive glaucoma is characterized by elevated IOP 

(Weinreb et al., 2014). IOP increase usually originates from disruption of aqueous humour outflow 

through the conventional route (Kass et al., 1980). 

The  possible  usage  of  nutraceutical  to  protect  eyes  and  vision  form  the  deleterious  outcomes  of 

glaucoma is rising more and more interest, especially for those nutritional supplements able to prevent 

RGC degeneration, both at the preclinical and at the clinical levels (Coleman et al., 2008; Giaconi et 

al., 2012; Rusciano et al., 2017; Morrone et al., 2018; Loskutova et al., 2019).  

The  wild  olive  tree  (Olea  europaea  var.  Sylvestris)  also  called  ACE  is  one  of  the  oldest  trees 

worldwide  (Kassa et  al., 2019) and  the oil derived  from  it  contains  tocopherols  (e.g., vitamin E), 

sterols, triterpene acids and secoiridoid compounds in higher quantity compared to the classic extra 

virgin  olive  oil.  Moreover,  it  was  demonstrated  that  an  ACE  oil­enriched  diet  exerted  anti­

inflammatory,  antioxidant  and  retinoprotective  effects  in  a  mouse  model  of  arterial  hypertension 

(Santana­Garrido et al., 2020; Santana­Garrido et al., 2021).  

Therefore, we investigated whether ACE oil could reduce ocular hypertension, gliosis, inflammation 

level,  oxidative  stress,  ischemia,  apoptosis  rate  and  RGC  loss  of  function  within  the  retinae  of  a 

murine model of hypertensive glaucoma. To this aim, we fed mice either an ACE oil­enriched diet or 

a regular diet for four weeks, and then induced IOP elevation through intraocular injection of MCE. 

The putative retinoprotective effects of the ACE oil­enriched diet were evaluated assessing whether 

high  IOP­associated  glia  reactivity,  inflammatory  processes,  oxidative  stress,  ischemic  injury, 

apoptosis and RGC functionality were ameliorated by the diet. 

 

Outcomes 

 

ACE oil enriched diet does not prevent IOP elevation  

ACE oil enriched diet did not affect IOP compared to animals fed normal diet. Indeed, the IOP 

increase in MCE­injected mice was only slightly attenuated by ACE oil enriched diet in the first 24 

hours after the injection, but this difference was not preserved afterwards (Figure 1). 
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Figure 1.  IOP  is not affected by ACE oil  enriched diet. The  injection of MCE  in  the  anterior  chamber 
occurred at day 0 (arrow). Both regular and ACE oil enriched diet did not affect IOP in glaucomatous mice. 
Data are shown as mean ± SEM (n = 6 for each group). Grey circles and line: control mice (CTRL); green 
squares  and  line:  non­injected  mice  fed  ACE  oil  enriched  diet  (ACE);  black  triangles  and  line:  mice 
intraocularly injected with MCE fed regular diet (MCE); pink triangle and line: mice intraocularly injected 
with MCE fed ACE oil enriched diet (MCE+ACE).  a=CTRL vs MCE; b=CTRL vs MCE+ACE;  c=ACE vs 
MCE; d=ACE vs MCE+ACE; e=MCE vs MCE+ACE. Statistical significance was evaluated through Two­way 
ANOVA followed by Tukey’s post­hoc multiple comparison test. aa p < 0.01; aaa p < 0.001; aaaa p < 0.0001; bb 
p < 0.01; bbb p < 0.001; bbbb p < 0.0001; cc p < 0.01; ccc p < 0.001; cccc p < 0.0001; d p < 0.05; ddd p <0.001; dddd p 
< 0.0001; eeee p < 0.0001. 

 

ACE oil enriched diet suppresses glia activation and retina inflammation  

Dysfunctions  in  glaucoma  mouse  models  are  associated  to  reactive  gliosis,  usually  measured  by 

increases in glial fibrillary acidic protein (GFAP) (Inman et al., 2007; Sun et al., 2017; Wang et al., 

2017) and ionized calcium­binding adapter molecule 1 (IBA­1) (Hoogland et al., 2015; Ramirez et 

al., 2017) expression levels. Therefore, we evaluated GFAP and IBA­1 mRNA and protein expression 

levels. As described  in Figure 2,  intraocular  injection of MCE dramatically  increased GFAP  and 

IBA­1  expression  compared  to  not  injected  animals.  Notably,  ACE  oil  enriched  diet  completely 

suppressed  Müller  cells  reactivity  in  MCE  glaucoma  model  in  terms  of  protein  expression  and 

allowed a partially recover of mRNA levels.  
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Figure 2. Effects of ACE oil enriched diet on glia activation. (A) Retinal mRNA expression levels of GFAP 
from control mice (CTRL), mice fed with ACE oil enriched diet (ACE) mice that received MCE injection fed 
with  either  regular  food  (MCE)  or  special  diet  (M+A).  (B)  Representative  western  blots  showing 
immuoreactive bands and optical density analysis of GFAP protein  levels  in  the same groups.  (C) Retinal 
protein expression levels of IBA­1 from CTRL, ACE, MCE or M+A experimental groups. (D) Representative 
western blots showing immuoreactive bands and optical density analysis of IBA­1 protein levels in the same 
groups.  The  values  reported  in  the mRNA  graphs  represent  the  GFAP  and  IBA­1 mean  values of  relative 
expression versus RPL13a ones, ± SEM. Each column in these graphs represents the mean of data from three 
independent samples. The values reported in the protein graphs represent the GFAP and IBA­1 bands optical 
density mean values normalized versus β­actin ones, ± SEM. Each column in these graphs represents the mean 
of  data  from  three  independent  samples.  Statistical  significance  was  evaluated  though  One­way  ANOVA 
followed by post­hoc Tukey's multiple comparisons test. *= vs CTRL; $= vs ACE; £=vs MCE+ACE. * p < 0.05; 
$ p < 0.05; £ p < 0.05; ** p < 0.01; $$ p < 0.01; *** p < 0.001; $$$ p < 0.001; £££ p < 0.001; **** p < 0.0001; $$$$ p < 
0.0001. 
 

According to literature, as a consequence of glaucoma­related harmful stimuli reactive glial cells start 

producing inflammation mediators (Tezel, 2013). Indeed, as shown in Figure 3, gliosis promotes the 

expression of inflammatory cytokines as IL­6 and TNF­α. In line with this, we found that in the MCE 

glaucoma model there was an enhanced mRNA and protein expression of IL­6 and TNF­α compared 

to control. Interestingly, ACE oil enriched diet prevented this upregulation, restoring a control­like 

situation. Moreover,  the anti­inflammatory cytokine interleukin 10 (IL­10) was upregulated in  the 

MCE injected animas fed ACE oil enriched diet, both at the transcript and protein level. These results 

are in line with the well­demonstrated anti­inflammatory properties of ACE oil (Santana­Garrido et 

al., 2021). 
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Figure 3. Effects of ACE oil enriched diet on inflammatory cytokines expression. The mRNA and protein 
expression levels of TNF­α (A,B), IL­6 (C,D) and IL­10 (E,F) were evaluated in retinae coming from 
control mice (CTRL), mice fed with ACE oil enriched diet (ACE) mice that received MCE injection fed with 
either regular food (MCE) or special diet (M+A). The values reported in the mRNA graphs represent the TNF­
α, IL­6 and IL­10 mean values of relative expression versus RPL13a ones, ± SEM. Each column in these graphs 
represents  the  mean  of  data  from  three  independent  samples.  The  values  reported  in  the  protein  graphs 
represent  the TNF­α, IL­6 and IL­10 bands optical density mean values normalized versus β­actin ones, ± 
SEM. Each column in these graphs represents the mean of data from three independent samples. Statistical 
significance was evaluated though One­way ANOVA followed by post­hoc Tukey's multiple comparisons test. 
*= vs CTRL; $= vs ACE; §=vs MCE; £=vs MCE+ACE. * p < 0.05; $ p < 0.05; £ p < 0.05; **p < 0.01; $$ p < 0.01; 
§§ p < 0.01; ££ p < 0.01; ***p < 0.001; $$$p < 0.001; §§§ p < 0.001. 
 

ACE oil enriched diet restores a control­like expression of oxidative stress markers  

Oxidative stress crucially contributes to apoptotic RGC death in glaucoma (Kabe et al., 2005; Harari, 

2010; Chrysostomou et al., 2013). The transcription factor nuclear factor erythroid­2 related factor 2 

(Nrf2) is involved in antioxidant responses and it controls the expression of antioxidant enzymes such 

as  hemeoxygenase­1  (HO­1)  and  nicotinamide  adenine  dinucleotide  phosphate  quinine 

oxidoreductase 1 (NQO1) (Jung et al., 2010; Wu et al., 2011; Xu et al., 2014; Deliyanti et al., 2016). 

Although there is several evidence reporting an inhibition of Nrf2 signalling pathway in glaucoma 

(Ahmed et al., 2017; Wang et al., 2020), we found no difference in Nrf2 mRNA expression and Nrf2 

total protein level among the experimental groups (Figure 4A, B). However, we cannot know whether 

the whole amount of Nrf2 protein was kept inactive in the cytoplasm or whether it translocated to the 

nucleus  becoming  active  in  some  of  the  groups.  What  we  can  appreciate  is  an  overall  increased 
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antioxidant  response  in  MCE­injected  animals,  based  on  HO­1  and  NQO1  mRNA  and  protein 

expression levels (Figure 4C­F). This is in accordance with the data recently presented by Wang et 

al., showing that the retinal expression of HO­1 and NQO1 is upregulated during the acute phase of 

glaucoma and up to 6 weeks after high IOP induction (Wang et al., 2019). The overexpression of HO­

1 and NQO1 in the MCE glaucoma model was almost completely prevented by the ACE oil enriched 

diet. Indeed, we obtained a total protein recovery and a partial mRNA recovery in the expression of 

these enzymes. These results could depend on the action of ACE oil exerted within the retina during 

the  four  weeks  of  special  diet  prior  to  MCE  injection,  which  might  have  allowed  to  buffer  the 

glaucoma­triggered increase in free radical species formation, thus decreasing the upstream oxidative 

stress­driven expression of HO­1 and NQO1. 

 

 
Figure 4. Effects of ACE oil enriched diet on oxidative stress markers. The mRNA and protein expression 
levels of NRF2 (A,B), HO­1 (C,D) and NQO1 (E,F) were evaluated in retinae coming from control mice 
(CTRL), mice fed with ACE oil enriched diet (ACE) mice that received MCE injection fed with either regular 
food (MCE) or special diet (M+A). The values reported in the mRNA graphs represent the NRF2, HO­1 and 
NQO1 mean values of relative expression versus RPL13a ones, ± SEM. Each column in these graphs represents 
the mean of data  from three  independent  samples. The values  reported  in  the protein graphs  represent  the 
NRF2, HO­1 and NQO1 bands optical density mean values normalized versus β­actin ones, ± SEM. Each 
column in these graphs represents the mean of data from three independent samples. Statistical significance 
was  evaluated  though  One­way  ANOVA  followed  by  post­hoc  Tukey's  multiple  comparisons  test.  *=  vs 
CTRL; $= vs ACE; £=vs MCE+ACE. * p < 0.05; $ p < 0.05; £ p < 0.05; **p < 0.01; $$ p < 0.01; ££ p < 0.01; ***p 
< 0.001; $$$p < 0.001. 
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ACE oil enriched diet alleviates ischemia within glaucomatous retinae 

Glaucoma  is  characterized  by  reduced  ocular  perfusion  in  both  early  and  late  stages;  tissue 

ischemia/hypoxia in the optic nerve head and/or retina can develop either because of or independently 

from the elevated IOP and is associated to optic nerve degeneration (Flammer et al., 2002; Tezel et 

al., 2004).  Indeed, within  the retina, RGC are  the most sensitive and vulnerable cells  to  ischemic 

injury, which promotes their death by apoptosis (Osborne et al., 1999; Pan et al., 2021). HIF­1α is a 

key regulator of the response to ischemic damage (Zhang et al., 2018) and is upregulated in the retina 

and  in  the  optic  nerve  head  of  glaucoma  patients  (Tezel  et  al.,  2004).  Suppression  of  HIF­1α 

upregulation  characterizing  a  high­tension  rat  glaucoma  model,  exerts  a  protective  action  against 

retinal  ischemia and reduces retinal apoptosis  (Chao et al., 2013).  In  the present work,  the MCE­

induced overexpression of HIF­1α was completely suppressed by ACE oil enriched diet (Figure 5A). 

Although not significant, MCE injection caused also a slight increase in VEGF protein, a well­known 

target of HIF­1α deeply involved in physiological and pathological angiogenesis (Melincovici et al., 

2018). The trend is inhibited by the special diet (Figure 5B). These results suggest that ACE oil might 

exert protective functions against retinal ischemic damage characterizing glaucoma. 

 

 
Figure 5. ACE oil enriched diet ameliorates ischemia. The protein expression levels of HIF­1α (A) and 
VEGF1 (B) were evaluated  through western blot experiments  in  retinae  coming  from control mice 
(CTRL), mice fed with ACE oil enriched diet (ACE), mice that received MCE injection fed with either regular 
food (MCE) or special diet (M+A). The values reported in the graphs represent the HIF­1α, and VEGF bands 
optical density mean values normalized versus β­actin ones, ± SEM. Each column in these graphs represents 
the  mean  of  data  from  three  independent  samples.  Statistical  significance  was  evaluated  though  One­way 
ANOVA followed by post­hoc Tukey's multiple comparisons test. *= vs CTRL; $= vs ACE; £=vs MCE+ACE. 
**p < 0.01; $$ p < 0.01; £££p < 0.001. 
 

ACE oil enriched diet exerts protective effects against apoptosis 

Inflammation, oxidative stress and ischemia/hypoxia represent a vicious circle where any of these 

elements can trigger the activation of the others and sustain in time the neurodegenerative processes 
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(Merelli et al., 2020). Indeed, ischemic/hypoxic injury triggers the initiation of innate inflammatory 

response with the expression of proinflammatory cytokines (Li et al., 2007; Eltzschig et al., 2011) 

and, although HIF­1 signalling can exert protective effects,  it  is well known  that  it  contributes  to 

cellular death and tissue damage when its activation is sustained over time (Zhang et al., 2018 and 

references  therein).  Oxidative  stress  promotes  mitochondrial  failure  and  inflammation  leading  to 

retinal neuronal morphological and functional alterations, which result in neurodegeneration (Pinazo­

Durán et al., 2015; Ahmad et al., 2020). The severe and/or prolonged activation of the inflammatory 

process, whose aim  in  the early  stages  is  to counteract an  insult  an  its damaging effects,  leads  to 

deleterious outcomes when prolonged over time, with implication in both induction and progression 

of  pathologies.  Particularly,  in  glaucoma,  this  promotes  RGC  degeneration  (Tezel,  2013).  

Consistently, as shown in Figure 6, MCE­induced IOP elevation, the consequent gliosis triggering, 

oxidative stress, ischemia and inflammation lead to increased level of the apoptosis effector cleaved 

caspase 3 within the whole retina. Interestingly, caspase 3 activation in glaucomatous animals was 

completely prevented by ACE­oil enriched diet, suggesting a reduction of apoptosis triggering within 

the retinae of these animals. 

 
Figure 6. ACE oil enriched diet prevents apoptosis within the retina. The protein expression  levels of 
Cleaved Caspase 3 were evaluated in retinae coming from control mice (CTRL), mice fed with ACE oil 
enriched diet  (ACE) mice  that  received MCE injection  fed with either regular  food  (MCE) or special diet 
(M+A). The values reported in the graph represent the Cleaved Caspase 3 bands optical density mean values 
normalized versus β­actin ones, ± SEM. Each column in these graphs represents the mean of data from three 
independent samples. Statistical significance was evaluated though One­way ANOVA followed by post­hoc 
Tukey's multiple comparisons test. *= vs CTRL; $= vs ACE; £=vs MCE+ACE. * p < 0.05; $ p < 0.05; £ p < 0.05. 
 

ACE oil enriched diet partially rescues RGC functionality  

In glaucoma, RGC death precedes RGC loss of function (Fortune et al., 2004; Howell et al., 2007; 

Saleh et al., 2007; Buckingham et al., 2008; Luo et al., 2014). Therefore, RGC, although still alive, 
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may no  longer be  functional. Thus, we decided  to analyse electroretinogram (ERG)  responses,  in 

particular full field photopic ERG and Pattern ERG (PERG). PERG is generated by central RGC and 

it is currently recognized as the most specific technique for electrophysiological evaluation of RGC 

function in primate and rodent models of glaucoma (Porciatti, 2015). On the other hand, photopic 

ERG is used to verify that the procedure to increase IOP has not induced a generalized retinal damage 

(Bui et al., 2013) even though alteration of the photopic negative response (PhNR) in the photopic 

ERG can occur, since this negative wave is generated by the activity of peripheral RGC (Prencipe et 

al., 2020).  As shown in Figure 7, both PhNR and PERG are reduced in amplitude by MCE injection, 

in line with previous reports (Saleh et al., 2007; Cvenkel et al., 2017; Huang et al., 2018; Locri et al., 

2019; Cammalleri  et  al.,  2020). ACE oil  enriched diet,  although not  effective  in  restoring PERG 

latency, preserved the amplitude of both PhNR and PERG, possibly suggesting a partial recovery of 

glaucoma­related retinal dysfunctions. 

 

 
 
Figure 7. Effects of dietary supplementation on RGC function were evaluated by photopic full field ERG 
and PERG. Representative photopic ERG (A, upper part) traces showing photopic b­waves with PhNR; PERG 
(A, lower part) traces showing the two negative peaks (N35 and N95) and the positive peak P50 in control 
mice and  in mice injected with MCE fed ACE­oil enriched diet.  (B,C) Mean amplitudes of photopic ERG 
responses evaluated as changes from baseline, normalized to the amplitude measured in control animals. MCE 
did  not  affect  the  amplitude  of  the  photopic  b­wave,  while  it  reduced  the  amplitude  of  PhNR.  Dietary 
supplementation partially prevented the reduction in PhNR amplitude. (D) PERG amplitude was reduced by 
MCE, an effect that was partially prevented by dietary supplementation. (E) Mean implicit time of PERG was 
increased by MCE, an effect that was not abolished by dietary supplementation. Data are shown as mean of 
the groups ± SEM (n = 4 for each group). Statistical significance was evaluated though One­way ANOVA 
followed by the Newman–Keuls multiple comparison post­hoc test. *= vs CTRL; §=vs MCE. *p < 0.05; §p < 
0.05; **p < 0.01. 
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Conclusion 

 

The  possible  usage  of  nutraceuticals  characterised  by  antioxidant,  anti­inflammatory,  and  anti­

apoptotic properties to prevent neurodegeneration in glaucoma models is becoming more and more 

interesting. We added  to  the  list  of putative  effective natural  compounds  the ACE oil.  The  inner 

composition of ACE oil is quite peculiar, with high quantity of sterols, vitamin E and triterpene acids 

(Carnés­Sanchez et al., 2002; Zarrouk et al., 2019). Particularly, vitamin E is a powerful antioxidant, 

and there are some indications about its neuroprotective effect (Engin et al., 2007; Ko et al., 2010). 

Triterpene acids show anti­inflammatory, antioxidant and neuroprotective properties, as well (Qian 

et al., 2016; Wang et al., 2018). Their efficacy against glaucoma related dysfunctions is progressively 

emerging from literature in different glaucoma models (Kyung et al., 2015; Gu et al., 2018; Huang et 

al., 2018). Thus,  the unique composition of ACE oil can account for  its strong anti­inflammatory, 

antioxidant, antiapoptotic and neuroprotective effects. Indeed, as shown in the present study, due to 

its  special  properties  and  composition,  ACE  oil  was  able  to  restore  homeostasis  in  high  tension 

glaucoma through mitigation of glial  cells  reactivity of  the consequent  inflammatory response, of 

oxidative stress and of ischemic damage. This resulted in inhibition of apoptosis within the retina and 

partial  recover of  the electrophysiological  retinal  functions. These ameliorative effects exerted by 

ACE oil were IOP­independent. The finding of novel compounds able to counteract other risk factors 

than  IOP  that  contribute  to  RGC  loss,  would  be  invaluable,  especially  in  those  cases  in  which 

neurodegeneration progression goes on in patients with pharmacologically controlled IOP (Cockburn 

1983; Brubaker 1996; Heijl et al., 2002), as well as in normotensive glaucoma (Kamal 1998; Mallick 

et al., 2016; Killer et al., 2018). 

Despite any clinical effectiveness of this oil is yet to be demonstrated, what can be extrapolated form 

these preliminary data is that nutritional supplementation with ACE oil could represent an interesting 

coadjuvant in the management of glaucoma. 
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Abstract: Retinopathy of prematurity (ROP) is one of the main blinding diseases affecting preterm
newborns and is classically considered a vascular disorder. The premature exposure to the extrauter-
ine environment, which is hyperoxic in respect to the intrauterine environment, triggers a cascade of
events leading to retinal ischemia which, in turn, makes the retina hypoxic thus setting off angiogenic
processes. However, many children with a history of ROP show persistent vision impairment, and
there is evidence of an association between ROP and neurosensory disabilities. This is not surprising
given the strict relationship between neuronal function and an adequate blood supply. In the present
work, we revised literature data evidencing to what extent ROP can be considered a neurodegenera-
tive disease, also taking advantage from data obtained in preclinical models of ROP. The involvement
of different retinal cell populations in triggering the neuronal damage in ROP was described along
with the neurological outcomes associated to ROP. The situation of ROP in Italy was assessed as well.

Keywords: neurodegeneration; photoreceptors; retinal ganglion cells; retinal glia

1. Introduction

In the latest decades, the survival rate of extremely preterm and low birth-weight
infants has drastically improved [1]. Although this could represent an important achieve-
ment reflecting the advanced efficacy in the clinical management of preterm infants, it also
increases the risk of short- or long-term complications deriving from preterm birth.

Among them, retinopathy of prematurity (ROP) is one of the main ocular disorders
affecting preterm newborns that may result in a significant loss of vision or even blind-
ness [2]. Extremely preterm infants are at high risk of developing ROP. In particular, about
50% of them show clinical signs of ROP, although this percentage may vary. In 2010, a
study evaluated that over approximately 185,000 preterm infants were affected by ROP and
more than 20,000 were affected by complete loss of visual function [3]. So far, the greatest
risk predictors of ROP are a low gestational age and a low birth weight. In this respect,
in countries with high-quality neonatal care, sight-threatening ROP is mainly confined to
infants with a birth weight lower than 1000 g and is very rare in babies with a birth weight
higher than 1250 g [4].

The common denominator of preterm birth complications, including ROP, is repre-
sented by drastic changes in physiochemical parameters due to the precocious passage from
the intrauterine to external environment, which influences the development of immature
tissues and organs. In the case of the retina, its organogenesis occurs relatively late in
the gestational period. Therefore, the preterm birth drastically impairs the morphofunc-
tional organization of the still immature organ, creating a wide range of structural and
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functional changes in both neural and vascular components. Since the early discovery of
ROP, its pathogenesis has been mainly attributed to the change in oxygen tension when
passing from a hypoxic condition, as in the intrauterine environment, to a relative hyperoxic
condition, as in the extrauterine environment.

The hypoxia physiologically present in the pregnant uterus represents the ideal en-
vironment where retinal vascularization of the fetus can develop [5]. The early retinal
vasculature originates from spindle-shaped precursor endothelial cells, that migrate by
14–15 weeks of the postmenstrual age from the optic disk towards the ora serrata, and the
early networks of capillaries are formed from 17–18 weeks of the postmenstrual age [5]. The
relative hypoxia promotes the vascular development through the production of a dimeric
nuclear transcription factor, the hypoxia inducible factor 1 (HIF-1), which modulates a
plethora of oxygen-sensing genes including a series of proangiogenic factors, such as a
vascular endothelial growth factor (VEGF) [6]. Under hypoxia, the subunit HIF-1α accu-
mulates into the cell, migrates into the nucleus and, after dimerization with the subunit
HIF-1β, activates the transcription of VEGF [7]. In the developing retina, which becomes
physiologically hypoxic after the onset of neuronal activity, VEGF is mainly (but transiently)
produced by neuroglial cells, to stimulate in a paracrine fashion growth, and migration of
endothelial cells that organize to form the retinal vessel network [8]. The formation of a
functional retinal circulation relieves the retina from hypoxia and, under oxygen exposure,
HIF-1α subunit is hydroxylated, ubiquitinated and finally degraded, thus reducing the
transcription of HIF-1 target genes [7]. Through such a mechanism the exposure of the
immature retina to atmospheric oxygen leads to the interruption of the vascularization
processes, which normally occur within the intrauterine hypoxic environment, thus leaving
the peripheral retina avascular until an approximate gestational age of 32 weeks. The
interruption or even the regression of the vascularization process establishes an ischemic
condition (ischemic phase of ROP), which gradually worsens together with the increasing
metabolic demand of the developing retina. The persistent ischemia and the deriving
hypoxia drive the switch to the proliferative phase of ROP, which is characterized by the
abnormal activation of angiogenic processes leading to the outgrowth of dysfunctional
and disorganized new vessels. In addition to further exacerbating the ischemic condition,
the proliferation of aberrant neovessels may also induce the development of intravitreal
fibrosis with consequent retinal traction and detachment [9]. Considering that vascular
abnormalities manifest the most pathological hallmarks in ROP, the location and the ap-
pearance of the vascular aberrations are currently considered as the main parameters for
the classification of disease progression and severity from stage 1 to stage 5 (Figure 1).
Stages 1–3 describe the acute phases of the disease characterized by the formation of a
demarcation line between the vascular and the avascular retina (stage 1) that will evolve
in a ridge (stage 2) from which extraretinal neovascular proliferation will arise towards
the vitreous (stage 3). From the acute stages of ROP, vascular abnormalities can either
spontaneously regress turning to a regular retinal vascularization, or further evolve in
stages 4 and 5 defined as severe ROP, characterized by partial and total retinal detachment,
respectively [10].

The importance of oxygen in the pathogenesis and in the progression of ROP has
become evident with clinical trials demonstrating that limiting oxygen delivery to preterm
newborns reduces the risk of the disease but increases their mortality [11]. Therefore,
although the fine control of oxygen delivery to preterm infants is currently the first line of
prevention of ROP progression, a saturation target lower than 90% is not acceptable, and
the persistence of a certain ROP incidence is considered an unavoidable consequence of a re-
duced mortality [12]. Conversely, significant steps forward have been made in the character-
ization of the oxygen-dependent mechanisms contributing to the vascular abnormalities.
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zation and induces a wide vaso-obliteration (around the optic nerve head in mice; in the 
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Fundamental contributions in the study of ROP physiopathology have derived from
the use of the in vivo model of oxygen-induced retinopathy (OIR) in rodents [13]. This
model exploits the plasticity of retinal vessels typical of neonatal mice and rats, whose
vascular plexa physiologically develop after birth [14]. The OIR model firstly consists of the
exposure of pups to hyperoxia, which interferes with the process of retinal vascularization
and induces a wide vaso-obliteration (around the optic nerve head in mice; in the peripheral
retina in rats). Then, newborn pups are returned to a normoxic environment, with a sudden
reduction in retinal oxygenation that is perceived as a relative hypoxia. As is the case of
ROP, the ischemia/hypoxia in the OIR retina triggers a dramatic increment in angiogenesis
causing abnormal vessel sprouts along with hemorrhages and vitreous edema due to the
vascular hyperpermeability [13].

The primary players in the mechanisms linking the alterations in retinal oxygenation
with the abnormal vascular sprout, in ROP as well as in the OIR model, are HIF-1 and
VEGF. Indeed, the HIF-1-dependent dramatic downregulation of VEGF occurring under
hyperoxia drives the interruption of vascularization and the vaso-obliteration, while VEGF
overexpression under hypoxia is the leading mechanism causing vascular hyperpermeabil-
ity and proliferation [7]. With VEGF having a relevant role in ROP pathogenesis, it has been
identified as a useful target in treating ROP. In fact, cryotherapy or the less painful laser
photocoagulation, for a long time, were used as the gold standard treatment for infants
with severe ROP, aimed at destroying the hypoxic peripheral retina, thus reducing VEGF
production [15]. However, this approach is burdened by serious adverse effects (need of
anesthesia, non negligeable risk of repeated intervention, and visual dysfunction) [16] and
complications (corneal burns, band keratopathy, cataract) [17]. The currently available alter-
native treatment that avoids retinal destruction is the intravitreal injection of neutralizing
anti-VEGF drugs. In respect to laser photocoagulation, anti-VEGF drugs have been recently
reported to display a decreased incidence of retinal detachment, probably thanks to a faster
decrease in VEGF levels [18], a reduced rate of optic atrophy and amblyopia [19], and
less eye complications even if burdened by a higher retreatment incidence [20]. However,
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the short- or long-term safety of anti-VEGF drugs still arouses some concern, and further
investigations are required to evaluate their effects on retinal developmental processes [21].

2. ROP in Italy

The birth rate in Italy, calculated using the birth rate of 2020 [22], is approximately
410,000/year and 1% of these newborns are born with a birth weight lower than 1500 g or at
a gestational age lower than 30 weeks, thus indicating that about 4000 infants are at risk for
ROP. Borroni et al. [23] analyzed the incidence and the associated risk factors of ROP and
aggressive posterior-ROP (AP-ROP), a severe form of ROP, in 25 Italian neonatal intensive
care units through a prospective multicenter observational study examining 421 infants
born with a birth weight lower than 750 g and/or a gestational age shorter than 27 weeks.
Starting the ophthalmologic screening at about 30 weeks of gestational age, ROP was diag-
nosed in 62.9% of the preterm infants, while AP-ROP was diagnosed in 24.2% of them. At
a univariate analysis, ROP was significantly associated with gestational age, body weight,
intraventricular hemorrhage, patent ductus arteriosus, bronchopulmonary dysplasia, ery-
thropoietin therapy and sepsis, while AP-ROP was significantly associated with gestational
age, bronchopulmonary dysplasia, and sepsis. Performing a multivariate analysis, ROP
was found to be associated only to intraventricular hemorrhage and erythropoietin therapy,
while AP-ROP was found to be associated to gestational age and sepsis. The incidence
data of this Italian study does not match with those of the CRYO-ROP and of the ETROP
studies [24,25], possibly because these studies were performed before the introduction of
the guidelines for ROP prevention [26], which were applied in the Italian study. On the
other hand, the results of the work of Borroni et al. [23] are in agreement with those of other
studies and of the Vermont–Oxford Network, which is a non-profit organization of health
care professionals collaborating to improve neonatal care [27–30]. The finding that the use
of erythropoietin may be associated with the development of ROP has been confirmed by
another Italian study [31]. This study found that in preterm infants with a body weight
lower than 1000 g receiving erythropoietin therapy, the occurrence of ROP was double than
that of preterm infants that did not receive erythropoietin, suggesting this therapy as an
independent risk factor for ROP development. More recently, the incidence and risk factors
for ROP were examined in 2 Italian neonatal intensive care units, through a retrospective
study involving 178 infants with a gestational age lower than 29 weeks [32]. This study
found an occurrence of ROP of 38%, similar to that found in other studies [33–40], and an
association between red blood cell transfusion and the risk of ROP. The finding that red
blood cell transfusion may represent a risk factor for ROP development is in agreement
with other studies [41–46]. However, red blood cell transfusion is often essential to treat
anemia in preterm neonates (very common due to the prematurity itself and to repeated
blood sampling). In this respect, a retrospective study involving neonates with a gestational
age lower than 32 weeks demonstrated that the risk for developing ROP carried by blood
products is likely to depend on the gestational age. In particular, the gestational age at
the second transfusion seems to be even more useful to determine the risk for severe ROP
development, outperforming all other variables in predicting severe ROP [47].

There are premature infants with apparent similar characteristics, sharing similar
clinical features (gestational age, birth weight, oxygen support), who have a completely
different ROP evolution, with some of them needing treatment, and others experiencing
spontaneous regression of the pathology. Therefore, there is an urgent need of standardizing
evaluation criteria and identifying early indicators for ROP development. In this respect,
a recent retrospective Italian study reported that early platelet counts were significantly
reduced in newborns who later developed severe ROP which required treatment, but not
in those who never developed ROP [48,49] suggesting that platelet count may be used to
detect in advance premature infants prone to ROP development. Recently, a new prediction
model for ROP, the Postnatal Growth and ROP (G-ROP), which was originally developed
in 2018 and validated in a North American cohort of preterm infants [50], has been also
validated in Italy [51]. G-ROP is based on birth weight, gestational age and weight gain, and
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allows to reduce the number of infants undergoing ROP examinations by about 30% while
maintaining 100% sensitivity for ROP when compared to the criteria currently in use, thus
being very promising for future clinical adaptation. Its validation in the Italian population
lays the foundation for the introduction of G-ROP criteria in all European countries.

If on the one hand, the list of ROP risk factors is becoming longer, on the other, a grow-
ing body of evidence is progressively highlighting the ability of a variety of compounds,
both naturals and pharmacological, to prevent ROP or to reduce its progression towards
later and more deleterious stages. For example, Garofoli et al. [52] demonstrated in a cohort
of preterm infants with birth weight lower than 1500 g that orally administered vitamin
A is effective in attenuating ROP incidence and severity. Moreover, Filippi et al. widely
demonstrated that propranolol, a usually well-tolerated non-selective beta adrenoceptor
antagonist is able to counteract the progression of ROP [53–55]. These clinical trials fol-
lowed preclinical studies performed in OIR mice in which systemic or topic propranolol
administered during the hypoxic phase of the disease reduced retinal neovascularization
by preventing HIF-1α upregulation and its proangiogenic cascade [56,57].

Although in preterm infants oral propranolol is not sufficiently safe [54], propranolol
0.2% eye micro-drops showed an optimal safety and tolerability profile and efficiently
reduced ROP progression [58,59]. It is noteworthy that propranolol seems to exert a
neuroprotective effect in the OIR retina, suggesting that beta adrenoceptor blockade may be
useful in human patients not only to prevent neovascularization but also to limit the neural
damage evidenced by impaired ERG [60]. Indeed, OIR mice showed an altered ERG profile
due to neuronal cell death, while the propranolol treatment protected retinal cells enhancing
pro-survival pathways such as autophagy while inhibiting apoptosis, thus finally resulting
in recovered retinal function [61]. However, clinical trials performed to date are not large
enough to draw definitive conclusions about propranolol efficacy in treating ROP nor on
its supposed neuroprotective effect [60]. In the meantime, the results obtained in ROP
infants treated with propranolol so far, especially related to its antiangiogenic effects, are
very promising.

3. The Impact of ROP in the Central Nervous System

Preterm children are at risk of developing poor visual outcomes with respect to chil-
dren born at full term, independently to the presence of ROP. Indeed, there is a large
cohort of studies indicating that a reduced visual acuity, defined as the capacity of the
central visual system to discriminate contrast variation, can be associated to preterm-born
children with or without ROP, with visual impairment lasting into adulthood. Therefore,
this suggests that a poor visual outcome may be considered a long-term functional con-
sequence of preterm birth [4,62–66]. On the other hand, ROP development in preterm
infants impacts on visual outcomes, and acuity deficits in patients with a history of ROP are
typical, even though the pathology has resolved completely [64]. For instance, a Swedish
population-based prospective study conducted in children of 10 years who had been born
preterm, found that visual impairments were present in 26% of those with no ROP and
in 64% of those with severe ROP, while they occurred in 8% of controls born at term [67].
In the same line, a population-based prospective study, made in New Zealand on young
adults born preterm before ROP treatment was available, reached the conclusion that adults
who had developed ROP had reduced visual acuity when compared to adults with no ROP,
indicating that ROP increases the risk of developing poor long-term visual outcomes [68].
In this respect, both the CRYO-ROP and the ET-ROP studies found a correlation between
severity of acute-phase ROP and development of visual acuity [24,25]. Notably, an exami-
nation over a period of 18 years of adolescents and adult patients with previously regressed
ROP showed a late reactivation of ocular deficits together with a reduced visual acuity,
highlighting that a decreased visual acuity can occur as a long-term outcome in patients
with resolved ROP [69]. Treatment for ROP became available after the publication of the
results of the CRYO-ROP study [24] and there is evidence that treating ROP ameliorates
visual outcomes, with anti-VEGF agents giving better results on visual acuity than laser
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photocoagulation. For instance, a study published by Rodriguez and colleagues in 2020
evaluated visual acuity in children aged over 4 years treated with anti-VEGF, comparing
their visual acuity with that measured in the ET-ROP study published in 2010 [70]. This
study revealed that 85% of eyes treated with anti-VEGF had normal visual acuity with
respect to 35% of eyes receiving laser photocoagulation, suggesting that different ROP
treatments may have different impacts on visual outcomes over the years [71], a conclusion
shared with other works as, for instance, a recent study performed at the UCLA Medical
Centers [19]. In this context, it would be important to clarify whether anti-VEGF may
actually have greater effects over laser photocoagulation, in order to maximize preterm
newborn visual outcomes, since they could affect, at least in part, the everyday activities in
adult life.

Although ROP may be associated with later visual impairments, it may also impact on
non-visual abilities. In fact, besides ocular injuries, infants with ROP may exhibit further
neurodevelopmental impairments. Given the common embryonic derivation of eye and
brain, it has been hypothesized that pathological processes associated to ROP (such as
oxygen fluctuations, oxidative stress, inflammation) could also have harmful effects on the
development of different regions of the central nervous system (CNS) [72–74].

Notably, cerebral cortex and cerebellum development occurs during the gestational
third trimester and are vulnerable to detrimental environmental factors. Thus, the early
exposition to extrauterine environments as well as damage to the vascular and neuronal
pathways during maturation, could alter CNS development. As an example, ROP disease is
characterized by the dysregulation of insulin-like growth factor 1 (IGF-1) and VEGF and it is
known that both these factors play an important role in neurogenesis, neural differentiation,
axon maturation, and neuroplasticity [75–77]. In particular, based on the fundamental roles
of IGF-1 on neurodevelopment, it is possible to speculate that altered IGF-1 levels may
affect the correct development of CNS regions. In line with these hypotheses, the postnatal
decrease in circulating IGF-1 observed in very preterm infants has been found to associate
with a low brain volume at term age, suggesting that normalizing IGF-1 levels may result
in the neuroprotection of these patients [78]. Similarly, changes of VEGF levels may lead to
improper CNS development. For instance, the use of intravitreal bevacizumab injections
induces a risk of neurodevelopmental delay in ROP infants, suggesting that anti-VEGF
therapies may introduce a risk of developmental impairments [79].

However, it remains to be determined whether ROP and any neurological alterations
in the CNS may depend on a shared etiological origin and further studies will be necessary
to elucidate this point. From another point of view and considering that the retina itself
is an anatomical and functional portion of the CNS, all the interventions that may have
an impact on ROP and reduce the risk factors associated to the disease may also have a
beneficial effect on the development of those CNS structures altered as a consequence of
premature birth.

3.1. Neurological Outcomes Associated with ROP

Studies investigating possible associations between ROP and neurological outcomes
are in progress. Presently, there is a general agreement that severe ROP may represent a
risk factor for neurosensory impairments in childhood, although studies exploring pos-
sible connections between ROP severity and neurodevelopmental disorders have led to
controversial conclusions. For instance, a study performed in extremely preterm infants
with a gestational age lower than 26 weeks suggested that severe ROP is a good predictor
for major neurosensory disabilities, including cerebral palsy, severe visual impairment,
and hearing loss. In particular, preterm infants with severe ROP have been reported to
display a significantly poorer outcome at 11 years than preterm infants without ROP, with
neurosensory impairments detected in 50% of the infants who had suffered from severe
ROP [80]. Similar conclusions have been reached in other studies relative to cohorts of
premature children suffering from severe ROP evaluated at age 1.5 or 5 years [81–83]. In
addition, in a Swedish study performed on 27 preterm children totally blind due to ROP
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stage 5, the authors found that 75% of them had major neurological impairments, including
mental retardation, cerebral palsy and epilepsy, indicating an association between severe
ROP and worsened neurodevelopment [84]. In this respect, at the beginning of this cen-
tury, two studies aimed to assess the relationship between ROP and neurodevelopmental
functions in the same cohort of preterm children, evaluated at 5.5 and 8 years, reached
the conclusion that severe ROP may be considered a marker for functional disabilities
developed in very low birth weight infants [85,86]. In the same period, a study enrolling
115 preterm infants, none of which were suffering from severe ROP, associated moderate
ROP with worsened motor and cognitive disabilities, an association that, however, was
found borderline after correction for gestational age [87]. In 2014, Allred et al. reported
that preterm children with severe ROP followed up at 2 years corrected age (that is the
chronological age minus the number of months the preterm infant is born early), showed
a higher probability of impaired neurodevelopment characterized, for instance, by brain
lesions and cerebral palsies [88]. In 2018, Drost et al. performed a study to compare the
volumes of different brain structures and the cortical morphology of preterm infants with
severe ROP with those of control infants with the same gestational age, birth weight and
sex. This analysis, carried out using magnetic resonance imaging (MRI), indicated that
preterm infants with severe ROP have smaller cerebellar volumes and reduced cortical
gyrification. Cognitive and motor abilities at 15 months corrected age, were shown to be
worse in infants with severe ROP than in controls [75]. In addition, a cohort study using
MRI analysis carried out by Sveinsdóttir et al. in infants of 2 years corrected age, showed
that infants with ROP had lower unmyelinated white matter and cerebellar volume as well
as reduced mental and psychomotor developmental indices with respect to infants without
ROP. However, infants with less severe ROP exhibited a reduction in brain volume and
a neurodevelopmental impairment similar to those observed in infants with more severe
ROP, suggesting that any stage of ROP may result in neurodevelopmental deficits and that
preventing ROP, also in its less severe stages, may positively impact brain development [89].
In the same line, Glass et al. found that severe ROP is associated with white matter al-
terations and with a delayed maturation of brain regions involved in visual and motor
processing [90], suggesting that severe ROP may be associated to neurodevelopmental
outcomes. In an additional cohort study on ROP-diagnosed children, 68.4% of ROP infants
showed neurodevelopmental disabilities, including blindness, cerebral palsy, cognitive,
motor, speech and hearing problems. However, approximately half of ROP children with
normal visual capacities exhibited neurodevelopmental disabilities, thus suggesting that
preterm ROP infants have a high risk for developing neurodevelopmental anomalies even
when their visual abilities are normal and underscoring the importance to prevent ROP not
only to avoid blindness but also to hamper neurodevelopmental disorders [91].

Different from the studies discussed above, some other works suggest that neurode-
velopmental alterations may be more strongly associated to preterm birth than to ROP.
For instance, two studies comparing preterm infants with ROP stage 3 with those with
ROP stage 2 and ROP stage 1/no ROP and evaluating their developmental outcome, found
that preterm children in all groups have reduced neural development that was not associ-
ated with ROP severity, suggesting that neurodevelopmental disabilities are most likely
associated with premature birth instead of ROP severity [92,93]. In 2007, Stephenson et al.
performed a retrospective study on 505 subjects of 11–14 years that were born prematurely,
of whom 49% had developed ROP, and assessing visual and cognitive outcomes. The study
concluded that neither poor ophthalmic nor poor cognitive outcomes results were associ-
ated to previous stage 1 or stage 2 ROP, and that stage 3 ROP is associated to poor visual
acuity but not to cognitive impairment, suggesting that unexplored factors in addition to
ROP may explain the poor cognitive performance [94]. Ahn et al., using MRI, evaluated the
microstructural integrity of brain white matter in preterm infants with and without ROP
and in full-term infants. The results demonstrated alterations in 15–17 of the 23 predefined
regions in which the brain was divided. Fewer differences were instead observed compar-
ing preterm infants with and without ROP, limited to 2 of the 23 predefined regions, thus
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suggesting that alterations of white matter maturation could be associated with preterm
birth rather than with ROP [95]. The same research group reached the same conclusions
in a more recent work showing that ROP or severe ROP were not associated with white
matter abnormalities in preterm infants of 18 months corrected age with or without ROP.
Particularly, developmental outcomes, including cognitive, language and motor functions,
were similar between preterm infants with or without ROP and independent from ROP
severity [96]. In line with these studies, Altendahl et al. examined cognition, language, and
motor scores of premature neonates at 0–36 months corrected age, screened for ROP, and
found that ROP severity was not associated with worse neurodevelopmental scores [97].
Similar results were obtained in a recent study evaluating the presence of hearing loss
in a large cohort of preterm infants at 18 months corrected age, revealing no significant
associations between ROP and hearing impairments [98]. Overall, these studies suggest
that negative neurodevelopmental outcomes in preterm neonates are plausibly related to
prematurity-associated factors more than to ROP severity and that ROP, per se, does not
seem to contribute significantly to neurodevelopmental diseases.

The controversial correlation between ROP (and, eventually, its severity) and neu-
rodevelopmental outcomes made evident by the studies cited in the present paragraph,
highlights the necessity of extensive studies investigating brain development and its alter-
ations in infants suffering from ROP in order to reach more robust and accurate conclusions.

3.2. Neurodegeneration in the Retina of ROP Patients

From a clinical point of view, ROP is classified as a vascular disorder. In line with this,
most literature focuses on the mechanisms leading to neovascularization and the current
therapeutic treatments are directed to the normalization of the retinal vasculature [99].
However, despite the effectiveness of these treatments or the spontaneous regression of
the pathology, many children with a history of ROP experience persistent vision impair-
ment, such as astigmatism and myopia [100], reduced visual acuity and deficient subtle
color vision [101], constricted visual field and contrast sensitivity [102], and increased
dark-adapted thresholds [103], along with structural retinal abnormalities [4,104]. Overall,
these data suggest that some form of alteration in the development, viability, and function
of neuroretinal cells (photoreceptors, retinal neurons and glia), may occur during ROP
progression (Figure 2). This is not surprising, given the existence of a strict functional
relationship between neurons, glia and blood vessels known as neurovascular unit, in
which chemical signals released by neurons and/or glial cells regulate the surrounding
blood vessels to adequately support the metabolism of neuronal cells [105]. However, in
retinopathies the relationships between vascular abnormalities and neurodegeneration can
be of various types. For instance, in diabetic retinopathy, a retinal disease that develops
years after the diagnosis of diabetes, neurodegeneration occurs early during disease de-
velopment and, at least in part, precedes the vascular damage [106]. On the contrary, in
ROP the disease progresses in a short time and the damage to the neural part of the retina
is likely to be secondary to the development of vascular abnormalities.

Relevant insights about the neuroretinal alterations in ROP derive from functional
analyses performed by means of electroretinography. An electroretinogram (ERG) is
classically composed of a biphasic waveform displaying an early negative component (a-
wave), elicited by the light-induced response of the photoreceptors, followed by a positive
component (b-wave) generated by post receptor cells [107]. Depending on retinal light
adaptation, the ERG may reflect the activity of rod-mediated (dark-adapted scotopic ERG)
or cone-mediated (light-adapted photopic ERG) pathways. ERG analyses in patients with
ROP or in animals with OIR have revealed significant functional abnormalities in both
the inner and outer retina. In patients with ROP, ERG response results are significantly
attenuated and are accompanied by impaired contrast sensitivity and decreased scotopic
visual thresholds [13,100,108–110]. ERG deficits are also evident in OIR animals [111,112], in
which both a- and b-wave alterations generally correlate with structural deficits. Although
the attenuation of the a-wave in OIR animals has been reported to occur without the
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apparent loss of photoreceptors [113], it seems to be related with a thinner photoreceptor
outer segment layer, which is more disorganized than in normal controls [114]. Animals
with OIR also exhibit a reduced thickness of the inner plexiform layer (IPL) and of the
inner nuclear layer (INL), with a concomitant increase of apoptosis in the inner retina [113].
These changes might affect the ERG due to loss of retinal neurons and disruption of
synaptic transmission, which involve largely, but not exclusively, the regions of vascular
dysfunction [115].
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3.2.1. Photoreceptors

The photoreceptors are the last cells to complete maturation, with the increase of
outer segment elongation and the escalation of photopigment content occurring in the last
8 weeks of gestation. Therefore, alterations of the photoreceptor maturation due to the
preterm birth might cover a relevant role in the onset of long-term visual dysfunctions in
ROP [116].

Rods

Rods are the last retinal cell subtype to reach maturity, with their rhodopsin content in
the outer segment appearing and increasing from approximately 32 weeks of gestational
age [108,114]. Together with their maturation, the energy demand of rods rises due to
the increased turnover of the light transduction-related molecules in the outer segment
and to the increment in rod electrical activity. Alterations in oxygen supply due to a still
incomplete and insufficient retinal vasculature, as it occurs in ROP, produce significant
abnormalities in the maturation of rod outer segments. Indeed, they could be shorter,
containing a low amount of rhodopsin and consequently showing diminished quantum
catch, impaired mobility of the transduction cascade proteins in the disc membranes.
Accordingly, infants affected by ROP display significant alterations in retinal activity
demonstrated by the ERG analysis [110]. In this respect, although the abnormal ERG
response may derive from an overall damage of the whole neuroretina, as demonstrated
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in the OIR model, strong evidence supports the possibility that alterations in the outer
segments of rods may have a primary counterpart in the ERG dysfunction [114]. This is
even more evident in parafoveal rods, in which the developmental elongation of outer
segments is physiologically delayed compared to peripheral rods. Thus, rods in the late-
maturing parafovea are more vulnerable to the effects of ROP. In fact, the development of
rod-mediated scotopic threshold is prolonged in infants with ROP compared to controls,
more so in the parafoveal than in the peripheral retina. The precise underlying mechanisms
remain to be defined, but they could include a slower rate of rod outer segment elongation,
delayed packing of parafoveal rods (along with the delay in the foveal pit—see the section
below), or disorganization of rod outer segments [117].

Cones

Primate cone maturation occurs earlier than that of rod outer segments, thus implying
a higher resistance to the alterations caused by premature birth [109]. In addition, cones
appear to be more resistant to metabolic insults, having twice as many mitochondria and
three times the surface area of mitochondrial cristae compared to rods [118]. However,
a recent study [119] has underlined the possibility that, together with the rods, cones
might also undergo some form of functional alteration that manifests years after birth.
Using multifocal ERG (mfERG), which allows to concomitantly measure the light-adapted
activity of cones and that of post receptor cells in different areas of the retina, a significant
dysfunction of the cone pathway in the central retina, characterized by low-cone sensitivity
and slower recovery of cone responses, has been reported in subjects with a history of
severe ROP [119]. Importantly, the magnitude of mfERG alterations varied together with the
severity of the antecedent ROP but, notably, did not completely match with the canonical
categorization of ROP based on the vascular abnormalities, as the case of no differences
in mfERG amplitudes were detected between children with a history of mild ROP and
children with no ROP. Therefore, this would suggest that the current ROP categorization,
exclusively based on the characteristics of the retinal vasculature at the time of examination
in the nursery, is quite reductive, since it does not take into account the important effects
observed in the neurosensory retina.

The Foveal Pit

Macula lutea development is a sophisticated process which is not completed until
at least the third or fourth year of life; particularly, the fovea centralis is the last retinal
structure to reach complete maturity and it mediates the excellent visual acuity in healthy
adults [120,121]. Within the macula lutea, the foveal pit (or fovea centralis) is an avascular
zone formed by the centrifugal displacement of inner nuclear cells and retinal ganglion
cells (RGCs) toward the periphery [122].

ROP significantly delays foveal development [123]. It also alters the foveal structure,
although data on this point are not univocal. Indeed, Hammer et al. [120] reported that the
foveal pit of subjects with a history of spontaneously regressed ROP appears broad and
shallow, while some years later Wang et al., studying a slightly wider group of subjects,
observed a diminished depth and a reduced shallow slope of the ROP foveal pit compared
to controls [124].

Certainly, ROP determines the presence of retinal capillaries intertwined with the
neural cells that cover the fovea [120] and increases foveal thickness [121]. This latter
outcome is mainly due to the presence of inner retinal layers overlying the fovea, probably
due to a failure of the inner retinal neurons to migrate away from the pit [124]. In line
with this, studies on preterm children with or without a history of ROP reported that the
thickness of both the RGC layer (GCL) and the IPL was remarkably higher at fovea centralis
compared with full-term controls, while no differences were observed at more peripheral
retinal locations [124–126].

Wang et al. found that the increased foveal thickness did not result in any changes
in visual acuity [124]. However, other studies demonstrated the existence of a correlation
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between inner retinal layer thickness and worsening of the best-corrected visual acuity
(BCVA) in extremely preterm infants [127,128], while there was no correlation between
altered BCVA and the thickness of outer retinal layers. Moreover, worsened BCVA is
associated with an increased GCL thickness in extremely preterm infants, possibly as a
consequence of the arrest of GCL maturation due to preterm birth, which prevents RGC
death, a major event in retinal development [127].

3.2.2. Retinal Ganglion Cells

RGCs are particularly sensitive to changing oxygen levels. In this respect, hypoxia has
been established to severely impact RGC survival and RGC axon outgrowth [129,130]. The
significant damage to RGCs in the developing retina under altered oxygenation has mainly
been demonstrated in the OIR model, in which the hypoxic phase is primarily responsible
for inducing RGC degeneration and subsequent decrement in RGC density [130]. In this
model, the alteration in RGC survival has been established to depend on the imbalance
between apoptosis and autophagy during the hypoxic phase, resulting in the degeneration
not only of RGCs, but also of bipolar and amacrine cells [61]. In this respect, there is
evidence from our group that treatments based on natural antioxidant/anti-inflammatory
compounds may prevent RGC death in several models of RGC degeneration [131–134],
suggesting that such an approach may be useful also in counteracting neurodegeneration
of RGCs in ROP. The use of nutraceuticals as a non-invasive approach in preventing ROP
and in its management has been recently reviewed and discussed [135].

Evidence about the altered neural pro-survival signalling also derives from preterm
infants affected by severe ROP, which display serum levels of neurotrophin-4 and brain-
derived neurotrophic factor (BDNF) during the first 3 weeks of life that are lower than
those in preterm infants who did not develop severe ROP. In the same cohort of patients,
specific gene variations of BDNF were associated with threshold ROP [136,137], indicating
the possibility that a possible alteration in neural trophism could concur to RGC degen-
eration during ROP progression. Besides their overt loss, evidence of a significant RGC
damage is represented by structural alterations of their axons within the retinal nerve fiber
layer (RNFL).

Studies of optical coherence tomography or spectral-domain optical coherence to-
mography revealed that RNFL thickness is altered in premature newborns compared to
full-term children. In this respect, the RNFL resulted in a greater thickness on the temporal
side of the optic disc in preterm infants than in full-term controls, whereas all other RNFL
sectors were thinner. Such alterations in RNFL thickness were correlated with gestational
age and birth weight, two key factors related with the risk of ROP development [138–140],
as well as with the stage of ROP progression [141].

Whether RNFL alterations would correlate with visual function is still under debate.
In this respect, Park et al. found no association between RNFL thickness and visual
function [141]. On the contrary, Wang et al. in an analysis of 25 preterm and 54 full-term
infants, reported an association between RNFL thickness in the retinal temporal sector and
visual acuity [139]. Similarly, Fieβ et al. demonstrated that decreased RNFL thickness in
all retinal sectors is associated with reduced visual function in both preterm infants and
full-term neonates, underscoring the high risk of preterm infants to develop alterations in
the RNFL in association with a decrease in visual function [140].

3.2.3. Müller Cells and Astrocytes

Müller cells are the main retinal glial cells. From their soma, located in the INL,
two major projections extend towards the GCL and the photoreceptor layer. Processes
generated from these projections reach and surround neurons, synapses, and blood vessels
creating physical and chemical relationships that allow intimate communications of central
importance for physiological retinal functions [142]. Among the functions Müller cells
accomplish, they: i. provide neurons with trophic factors and antioxidants; ii. uptake
and recycle neurotransmitters including glutamate, thus avoiding excitotoxic insults to
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neural cells; iii. transport water, ions and metabolites through channels and transporters
participating, for instance, to K+ buffering and to the control of the composition of the
retinal milieu; iv. participate to the formation of the blood-retinal barrier by secreting
factors that enhance the barrier function of the surrounding endothelium [143].

Astrocytes, star-shaped glial cells mainly located in the GCL and in the RNFL, also
play important roles in retinal physiology. For instance, astrocytes provide metabolic
support to RGCs, thus controlling their ionic and metabolic homeostasis, and regulate
neurovascular coupling. They also have a paramount role in the development of retinal
vasculature; astrocytes are indeed the earliest glial cell type in the optic nerve of the embryo
and, migrating into the neuroretina and releasing proangiogenic factors including VEGF,
critically contribute to the formation of retinal blood vessels. They also act as a scaffold
on which retinal vessels develop from the centre of the retina to the periphery. In this
respect, astrocytes are lacking within the avascular foveal pit and are present only in the
vascularized retina, a finding that highlights astrocyte importance in the development of
retinal vasculature. In addition to inducing the formation of retinal blood vessels, similarly
to Müller cells astrocytes contribute to the formation and maintenance of the blood retinal
barrier [144].

When retinal homeostasis is challenged, glial cells undergo morphological and func-
tional changes (gliosis or glial activation) with the attempt to avoid conditions potentially
leading to a diseased state; however, gliosis may have not only beneficial but also detrimen-
tal effects on retinal function [145]. In Müller cells, the upregulation of proteins contributing
to the formation of intermediate filaments, including glial fibrillary acidic protein (GFAP),
is a hallmark of gliosis; in fact, in the healthy retina GFAP is only minimally expressed
by Müller cells, which, on the contrary, dramatically increase GFAP expression in retinal
diseases [146]. After their activation, glial cells secrete trophic factors to support neuronal
and vascular function; however, if gliosis becomes chronic, direct and indirect damage to
neurons and vessels may occur. For instance, the overproduction of VEGF leads to blood
retinal barrier leakage, while the release of inflammatory cytokines may result in neuronal
degeneration [147–149].

In humans, massive retinal gliosis is a rare, benign, intraocular condition that develops
in association with other ocular diseases and is mainly constituted by Müller cell activa-
tion [150]. There are only a couple, not very recent, case reports describing the association
between massive retinal gliosis and ROP [151,152]. One of them reported the presence of
bilateral massive gliosis in a 39-year-old man born prematurely that developed severe ROP
with retinal detachment [151], suggesting that severe ROP may have deleterious effects
during the patient life. Although no clinical evidence indicates that gliosis may participate
in ROP pathogenesis, results in preclinical models suggest this possibility. In fact, it has
been demonstrated that gliosis, and in particular Müller cell activation, is a feature of OIR
rodents [13] and that in these animals, maneuvers attenuating Müller cell gliosis reduce
retinal neurovascular degeneration and preserve retinal function [153–155].

4. Future Perspectives

Although ROP has long been considered a vascular disorder, there is evidence raising
the question on how this disease may be linked to neurodegenerative processes that may
involve higher brain functions (Figure 3). Therefore, future studies will be necessary to
investigate whether long-term neurodevelopmental outcomes can be considered associated
to functional alterations characterizing ROP pathology. The involvement of the neural
components in ROP, and not only of the vascular ones, should be taken into account when
considering the resulting retinal structural and visual abnormalities. Such an approach
could identify new targets for interventions in order to give children affected by ROP the
best possible visual outcome.
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Abstract: A major player in the homeostatic response to hypoxia is the hypoxia-inducible factor
(HIF)-1 that transactivates a number of genes involved in neovessel proliferation in response to low
oxygen tension. In the retina, hypoxia overstimulates β-adrenoceptors (β-ARs) which play a key
role in the formation of pathogenic blood vessels. Among β-ARs, β3-AR expression is increased in
proliferating vessels in concomitance with increased levels of HIF-1α and vascular endothelial growth
factor (VEGF). Whether, similarly to VEGF, hypoxia-induced β3-AR upregulation is driven by HIF-1
is still unknown. We used the mouse model of oxygen-induced retinopathy (OIR), an acknowledged
model of retinal angiogenesis, to verify the hypothesis of β3-AR transcriptional regulation by HIF-1.
Investigation of β3-AR regulation over OIR progression revealed that the expression profile of β3-AR
depends on oxygen tension, similar to VEGF. The additional evidence that HIF-1α stabilization
decouples β3-AR expression from oxygen levels further indicates that HIF-1 regulates the expression
of the β3-AR gene in the retina. Bioinformatics predicted the presence of six HIF-1 binding sites
(HBS #1-6) upstream and inside the mouse β3-AR gene. Among these, HBS #1 has been identified as
the most suitable HBS for HIF-1 binding. Chromatin immunoprecipitation-qPCR demonstrated an
effective binding of HIF-1 to HBS #1 indicating the existence of a physical interaction between HIF-1
and the β3-AR gene. The additional finding that β3-AR gene expression is concomitantly activated
indicates the possibility that HIF-1 transactivates the β3-AR gene. Our results are indicative of β3-AR
involvement in HIF-1-mediated response to hypoxia.

Keywords: oxygen-induced retinopathy; HIF-1 binding site; computational analysis; ChIP-qPCR;
gene expression

1. Introduction

Oxygen sensors play a primary role in living organisms as they activate homeostatic
responses when oxygen levels decrease. Oxygen availability is sensed by oxygen-sensitive
enzymes, which, in turn, regulate the activity of transcription factors. Among these, the
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first to be identified was hypoxia-inducible factor (HIF)-1 [1]. HIF-1 is a dimer formed by
a labile α and a stable β subunits. In the presence of oxygen, HIF-1α is hydroxylated by
oxygen-sensitive prolyl hydroxylases, ubiquitinated by the von Hippen–Lindau protein
and therefore degraded by the proteasome. When oxygen levels drop, HIF-1α escapes
from hydroxylation and stabilizes, migrates into the nucleus, dimerizes with HIF-1β and
binds to the hypoxia-responsive elements (HREs). HREs are composite regulatory elements
containing conserved HIF-binding sites (HBSs) and highly variable flanking sequences [2].
HIF-1 promotes the transactivation of hundreds of genes involved in metabolic adaptation
to reduced oxygen availability [3]. One of the main HIF-1 target genes is that of VEGF,
which plays a major role in triggering angiogenesis as metabolic adaptation to hypoxia
consisting in the local formation of new blood vessels from pre-existing ones [4]. Oxygen-
dependent angiogenesis is particularly relevant in tissues characterized by high rate of
oxygen consumption, as the case of the retina. In effect, hypoxia-driven angiogenesis is
crucial for retinal vascularization during development but is also implied in the pathogene-
sis of several retinal diseases such as proliferative retinopathies [5]. The hypoxia-driven
angiogenesis is influenced by several side mechanisms, which could enhance or inhibit the
activity of the HIF-1/VEGF axis.

At the retinal level, β-adrenoceptors (β-ARs) have been established to cover a relevant
role in the regulation of hypoxia-driven angiogenesis [6]. In particular, hypoxia determines
the surge of norepinephrine which drives the overstimulation of β-ARs [7]. Among β-ARs,
particular attention has been recently directed to β3-AR, the third β-AR subtype to be dis-
covered that was cloned and characterized in humans at the end of the eighties [8]. β3-AR’s
role in response to hypoxia has been determined in several tissues supporting the hypothe-
sis that reduced oxygen tension may trigger β3-AR upregulation in hypoxic conditions.
In particular, β3-AR is highly expressed in embryo tissues, which are physiologically hy-
poxic [9], while showing a restricted expression in adult tissues [10] in which β3-AR levels
increase in conditions associated with hypoperfusion, such as cancer or heart failure [11–13].
In this respect, there is evidence that hypoxia increases β3-AR expression in endothelial
cells lining proliferating vessels, as for instance in the human heart or in the mouse retina.
In heart failure in particular, β3-AR is upregulated in the hypoxic endothelium of coronary
arteries where it is involved in vasodilation and re-vascularization through the nitric oxide
pathway [14]. In the hypoxic retina, β3-AR is localized to proliferating vessels where its
expression is drastically upregulated when oxygen tension decreases [15]. Assuming that
β3-AR expression is regulated by oxygen tension, then the possibility exists that β3-AR
upregulation in response to hypoxia involves HIF-1-mediated transcriptional mechanisms
as it occurs for additional hypoxia-inducible proteins.

In the present study, the hypothesis that HIF-1 may act as a transcription factor in-
volved in the regulation of β3-AR gene expression was verified taking advantage of the
mouse model of oxygen-induced retinopathy (OIR), a model of retinal angiogenesis that
is widely used as a paradigm to study angiogenesis in general [16]. This model is charac-
terized by two phases: phase I or a “vaso-obliterative” phase coinciding with hyperoxia
and phase II or a “vaso-proliferative” phase coinciding with hypoxia [17]. Therefore,
thanks to the alternation of a period of hyperoxia and a period of hypoxia, this model
is paramount to study the dependence of gene expression from oxygen levels and HIF-1
activity. Here, we first investigated whether β3-AR expression varies in concomitance with
changing oxygen levels at different stages of OIR. Whether preventing hyperoxia-induced
degradation of HIF-1α may influence β3-AR expression was also investigated. In order
to verify the possibility of HIF-1 interaction with the β3-AR gene, a theoretical approach
based on in silico predictive analysis was then performed to search for putative HBSs. As
they may be located in genomic regions outside the promoter, as part of transcriptional
enhancers [18–20], the DNA sequence upstream and inside the β3-AR gene was analyzed.
In addition, docking analysis and molecular dynamics (MD) simulation were consequently
used for reconstructing the complete structure of mouse HIF-1 and to evaluate its feasibility
to tightly bind to specific nucleotide sequences as suggested by the prediction analysis.
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To demonstrate the direct physical interaction between HIF-1 and the potential HBSs,
chromatin immunoprecipitation (ChIP)-qPCR experiments were then performed under
hypoxic conditions and timely-dependent β3-AR mRNA levels were evaluated to check
the possibility that β3-AR expression may be triggered by HIF-1 interaction with HBS.

2. Materials and Methods
2.1. Animals

C57BL/6J mice were purchased from Charles River Laboratories, Italia (Calco, Italy)
and mated in our breeding colonies. Experimental animals were housed in a regulated envi-
ronment (23 ± 1 ◦C, 50 ± 5% humidity) with a 12 h light/dark schedule. Overall, 162 mice
(6 for each experimental group), either male or female, were used. Of them, 120 mice were
used to compare β3-AR mRNA or protein levels between control (48) and OIR mice (72),
without (36 mice) or with (36 mice) dimethyloxalylglycine (DMOG) administration; 42 mice,
including 12 controls and 30 OIR, were used in ChIP-qPCR experiments and β3-AR mRNA
determination. Animal studies were carried out in compliance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health, the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research,
the Italian guidelines for animal care (DL 6/14) and the European Communities Coun-
cil Directive (2010/63/UE). The experimental procedures were approved by the Ethical
Committee in Animal Experiments of the University of Pisa (permit number 656/2018-PR,
3 September 2018). All efforts were made to reduce the animal suffering and the animal
number based on the rules of replacement, refinement and reduction (the 3Rs).

2.2. OIR Model and DMOG Treatment

In the mouse model of OIR [17], litters of mouse pups with their nursing mothers were
exposed to high oxygen concentration (75 ± 2%; hyperoxia) from postnatal day (PD) 7 to
PD12 before returning to room air from PD12 to PD17 (normoxia sensed as relative hypoxia).
During the exposure to hyperoxia, 36 mice were treated with DMOG, an inhibitor of prolyl
hydroxylases that stabilizes HIF-1α also in the presence of oxygen by preventing its hydrox-
ylation and the consequent degradation [21]. DMOG (Cayman Chemical, East Ellsworth,
MI, USA) was dissolved in dimethyl sulfoxide, diluted in phosphate-buffered saline (PBS)
at 1:100 and daily intraperitoneally injected between PD7 and PD12 at 200 mg/kg in line
with previous studies of the mouse retina [22,23].

2.3. Western Blotting

After mice euthanasia, eyes were enucleated, and retinas were removed from the
eyecups, snap frozen in liquid nitrogen, and stored at −80 ◦C. Six independent samples,
each containing 2 retinas from 2 different mice, were used for each experimental condition.
Samples were lysed with RIPA lysis buffer (50 mmol/L Tris, pH 7.4 containing 150 mmol/L
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mmol/L EDTA) containing
proteinase and phosphatase inhibitor cocktails (Roche Applied Science, Indianapolis, IN,
USA). Protein concentration was measured using the Micro BCA Protein Assay (Thermo
Fisher Scientific, Waltham, MA, USA). For each sample, 30 µg of proteins were subjected
to SDS-PAGE (4–20%; Bio-Rad Laboratories, Hercules, CA, USA). Gels were transblotted
onto a nitrocellulose membrane (Bio-Rad Laboratories). Blots were blocked in 3% skim
milk for 1 h at room temperature and then incubated overnight at 4 ◦C with the following
primary antibodies: rabbit polyclonal against HIF-1α (ab2185; Abcam, Cambridge, UK;
1:500 dilution), rabbit polyclonal against VEGF (ab9570; Abcam; 1:1000 dilution), mouse
monoclonal against β3-AR (sc-515763; Santa Cruz Biotechnologies, Santa Cruz, CA, USA;
1:200 dilution), mouse monoclonal against β-actin (A2228; Sigma Aldrich, St. Louis, MO,
USA; 1:2500 dilution). After washing, membranes were incubated for 2 h at room temper-
ature with appropriate HRP-conjugated anti-mouse or anti-rabbit secondary antibodies
(1:5000 dilution). Blots were developed using Clarity Western enhanced chemilumines-
cence substrate (Bio-Rad Laboratories) and images were acquired using ChemiDoc XRS+
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(Bio-Rad Laboratories). The quantification of Western blot bands has been performed with
the automated software Image Lab 6.0 (Bio-Rad Laboratories) by considering the integrated
optical density (OD) that derives from each pixel with given xy coordinates within the
band area. The OD for each target protein was normalized to that of β-actin used as
loading control.

2.4. Quantitative Real-Time PCR

Six independent samples for each experimental condition, each containing 2 reti-
nas from 2 different mice, were used. Total RNA was extracted (RNeasy Mini Kit; Qi-
agen, Valencia, CA, USA), purified, resuspended in RNase-free water and quantified.
First-strand cDNA was produced from 1 µg of total RNA (QuantiTect Reverse Transcrip-
tion Kit; Qiagen). The SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Lab-
oratories) was used to perform real-time PCR amplifications on a CFX Connect Real-
Time PCR detection system equipped with the software CFX manager (Bio-Rad Lab-
oratories). Forward and reverse primers were chosen to hybridize to unique regions
of the appropriate gene sequence. Their sequences are as follows: β3-AR forward, 5′-
TCTCTGGCTTTGTGGTCGGA-3′; β3-AR reverse, 5′-GTTGGTTATGGTCTGTAGTCTCG-3′;
Rpl13a forward, 5′-CCAGGTATACAAGCAGGTGTGCTC-3′; Rpl13a reverse, 5′-CATCATTA-
GGGCCATCCTGGAC-3′. Primer amplification efficiency was close to 100%. The target
gene was run concurrently with Rpl13a, a stable housekeeping gene in the OIR model [24].
Samples were compared using the relative threshold cycle (Ct method) and expressed as
fold increase. All reactions were run in triplicate.

2.5. Prediction of HBSs

Mouse β3-AR gene and its mRNA sequences were obtained from the NCBI Reference
Sequence database (gene ID: 11556). The transcription start site (TSS) was mapped by
DNA/RNA alignment using Clustal Omega online tool (https://www.ebi.ac.uk/Tools/
msa/clustalo/; accessed on 12 January 2020) between genomic DNA and the longest β3-
AR mRNA (misc_RNA (XR_004934751.1)) at the position 27230845 of the chromosome 8
(strand-). The DNA sequence of mouse chromosome 8 (UCSC Genome Browser Mouse
(GRCm38/mm10)) was analyzed from the absolute position 27237610 to 27226612 to
search for potential HBSs using the PROMO software online tool (http://alggen.lsi.upc.
es/cgibin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3; accessed on 12 January 2020).
To search for the core sequence ACGTG, which is highly conserved inside HBSs [25–27],
the Fuzzy Search DNA on-line tool (https://www.genscript.com/sms2/fuzzy_search_dna.
html; accessed on 12 January 2020) was used. A comparable evaluation was also performed
for the human β3-AR gene (gene ID: 155) by analyzing the human chromosome 8 sequence
(strand-) from the absolute position 37971666 to 37960995 (UCSC Genome Browser on
Human (GRCh38/hg38)).

2.6. Computational Modeling of HIF-1α

The complete structure of the mouse HIF-1α was reconstructed starting from crystal-
lographic data of protein fragments stored in both Uniprot (code Q61221) and Protein Data
Bank (codes 4h6j) using Iterative Threading ASSEmbly Refinement (I-TASSER) [28]. In
addition, ModLoop [29] and GalaxyLoop [30] were used for loop modeling and refinement,
respectively. DISULFIND online server [31] was used to predict the disulfide bonding state
of cysteines and their disulfide connectivity’s. The completely rebuilt HIF-1α structure
was opportunely stabilized creating a simulation box of 22.2 × 18.02 × 18.12 nm, and
neutralizing the net charge of the protein with 205,981 TIP3P water molecules, 605 Na+ ions
and 572 Cl− ions to reach a salt concentration of 0.15 M. The protein was minimized with
10,000 cycles steepest descent followed by 5000 steps conjugate gradient thus obtaining a
convergence of maximum force to energy threshold of 1000 kJ/mol nm2. Then, HIF-1α
was gradually accommodated within the aqueous environment using 6 equilibration steps;
the Verlet cutoff scheme was used for neighbor searching [32], combined with particle

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://alggen.lsi.upc.es/cgibin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
http://alggen.lsi.upc.es/cgibin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
https://www.genscript.com/sms2/fuzzy_search_dna.html
https://www.genscript.com/sms2/fuzzy_search_dna.html
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mesh Ewald for electrostatics [33]. The cutoff for the Van der Waals forces calculation was
settled to 1.2 nm with force smoothly switched to 0 (between 1.0 and 1.2 nm) generating
the velocities at 310 K in constant temperature, constant volume (NVT) ensemble using
a Maxwell distribution function with random seed (Berendsen thermostat; 2 simulation
runs, 25 ps). Then, we shifted to constant temperature, constant pressure (NPT) ensemble
maintaining the weak coupling also for pressure control (Berendsen barostat, isotropic
conditions, 1 bar, time coupling 5 ps), maintained for 4 equilibration runs (50 ps). In the
200 ns production phase, we shifted to Nosé–Hoover [34] and Parrinello–Rhaman [35]
algorithms for temperature control and pressure coupling, respectively; leapfrog algorithm
and a time step of 0.002 ps were used. AMBER99-SB-ILDN force field as implemented in
GROMACS 5.0.4 software package [36] was also used.

2.7. HIF-1/DNA Docking

HDOCK server for Protein/DNA hybrid docking (http://hdock.phys.hust.edu.cn/;
accessed on 13 March 2020) was used to assess the configuration and the stability of HIF-1
with specific DNA sequences that were selected on the basis of the known minimum
consensus sequences [37–41]. The corresponding HIF-1/DNA 3D structures were built up
and minimized using AMBER18 software and AMBER force field [42,43].

2.8. HIF-1/DNA MD Simulation

The HIF-1/DNA models obtained from the docking approach underwent to 100 ns of
MD simulation following the MD protocol described above for the HIF-1α stabilization.
Each HIF-1/DNA model included 2 monomers of the entire HIF-1α protein (monomer-A
and monomer-B) together with each of the 6 DNA segments containing predicted HBSs.
Since the information about the sequence and the domains of HIF-1β are scarce and
uncertain to operate an efficient modeling of the full protein structure, the homodimeric
association of HIF-1α was considered instead of its heterodimeric form with HIF-1β. The
accuracy of this approach was confirmed by the observation that the coordinates of the
heterodimeric HIF-1α:HIF-1β DNA binding domain, as provided by 4zpr pdb structure [44],
are maintained with maximum accuracy in the homodimeric form. These coordinates
were therefore used to create the DNA-binding site and the overall configuration of the
dimeric interface. The simulation box for each system was 20.8 × 20.8 × 20.8 nm to
contain the whole HIF-1 omodimer. Water molecules and ions were opportunely added
to solvate the systems and to reach the physiological salt condition. Appropriate optimal
salt concentration (267,174 TIP3P water molecules followed by 843 Na+ ions and 755 Cl−

ions, on average) was then added to each model to neutralize the net charges of proteins
and DNA.

With the aim to identify specific bonds formed with the nucleotide sequences, the
contacts between HIF-1 and DNA structures were investigated along 200 ns MD simulation
using gmx mindist gromacs tool, while the analysis of the simulation trajectories was
performed by means of the VMD [45] and CHIMERA software [46].

2.9. Chromatin Immunoprecipitation-Quantitative Real-Time PCR (ChIP-qPCR)

ChIP-qPCR was performed in 6 independent samples using the high-sensitivity ChIP
kit (ab185913; Abcam) according to the instructions provided by the manufacturer. Six
independent samples for each experimental condition, each containing 2 retinas from two
different mice, were used. Samples were homogenized and crosslinked using 1% formalde-
hyde, quenching the reaction with 1.25 M glycine. After centrifugation, the pellet was
homogenized with the Working Lysis Buffer and added with the ChIP buffer provided
in the kit. Chromatin was then sheared into fragments of about 300 bp by sonication,
and fragmentation was verified by agarose gel electrophoresis. Immunoprecipitation was
performed using a ChIP-grade antibody against HIF-1α (ab2185; Abcam; 1:500 dilution)
or non-immune IgG as negative control. Immuno-complexes and small aliquots of lysate
(for input controls) were treated with DNA Release Buffer and Proteinase K provided

http://hdock.phys.hust.edu.cn/
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in the kit to reverse crosslinking and to purify DNA. The purified DNA was used as in-
put sample in qPCR using primers (forward 5′-ATGCCTCCTCTGTCTGTGTG-3′; reverse
5′-ACTCGCCTCTCAAACAGTCA-3′) mapping the most probable HBS among the dif-
ferent HBSs as detected by PROMO software online tool (see above). The SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad Laboratories) and a CFX Connect Real-Time
PCR detection system equipped with the software CFX manager (Bio-Rad Laboratories)
were used. Fold enrichment was calculated through the Ct method by using a ratio of
amplification efficiency of the ChIP sample over that of non-immune IgG (fold enrich-
ment = 2(IgG Ct – sample Ct)).

2.10. Statistics

The Shapiro-Wilk test was used to verify the normal distribution of the data. One-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc test
was used to evaluate statistical significance (Prism 8.0.2, GraphPad Software, Inc., San
Diego, CA, USA). Differences with p < 0.05 were considered statistically significant. Data
are plotted as means ± SEM of the reported n values. A priori power analysis using the
software G*Power 3.0.10 (www.gpower.hhu.de; accessed on 4 December 2019) was carried
out to determine the minimum number of animals necessary to obtain a statistical power
of at least 0.80, with α = 0.05, when considering an expected large effect size.

3. Results
3.1. HIF-1-Regulated β3-AR Expression

Retinal levels of HIF-1α, VEGF and β3-AR were determined at different time points
of OIR (before the hyperoxic phase at PD7, during the hyperoxic phase at PD9, at the end
of the hyperoxic phase at PD12 or at the end of the hypoxic phase at PD17). In order to
assess whether oxygen may regulate β3-AR levels through HIF-1, protein levels of HIF-1α,
VEGF and β3-AR were also determined in OIR mice that received DMOG, a chemical
widely used as a HIF-1α stabilizer [21], administered daily during the hyperoxic phase
(from PD7 to PD12; Figure 1A). Blots in Figure 1B are representative of the protein levels of
HIF-1α, VEGF and β3-AR in the different experimental conditions. Densitometric analysis
shown in Figure 1C-E demonstrates that proteins levels of HIF-1α, VEGF and β3-AR were
downregulated during hyperoxia both at PD9 and PD12, while they became upregulated
during hypoxia at PD17 compared with their relative levels as determined under normoxia.
In respect to untreated mice, DMOG administration prevented downregulation of HIF-1α,
VEGF and β3-AR in response to hyperoxia as well as their upregulation in response to
hypoxia. The finding that the effects of hyperoxia or hypoxia on HIF-1α and VEGF were
abnegated after DMOG administration is in line with previous results [22,47,48]. The
additional finding that HIF-1α stabilization counteracts variations in protein levels of β3-
AR in response to changing oxygen levels supports the hypothesis that oxygen regulates
β3-AR expression through HIF-1. β3-AR dependence on HIF-1 was also supported by
the fact that protein levels of β3-AR were found to mirror the levels of VEGF, a major
oxygen-dependent HIF-1 transcript. Variations in β3-AR proteins in response to changing
oxygen tension were found to correlate with the corresponding variations in β3-AR mRNA
expression in OIR mice either untreated or treated with DMOG further supporting the
possibility that β3-AR is a HIF-1 target gene (Figure 1F).

www.gpower.hhu.de
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Figure 1. Effects of oxygen tension on retinal levels of HIF-1α, VEGF and β3-AR from PD7 to PD17.
(A) Schematic diagram of the OIR model including DMOG administration daily from PD7 to PD12.
(B) Representative blots showing protein levels of HIF-1α, VEGF and β3-AR as evaluated by Western
blot in retinal extracts at different times from normoxic controls or OIR mice without or with DMOG
administration. β-actin was used as the loading control. (C–E), Relative densitometric analyses of the
protein levels of HIF-1α, VEGF and β3-AR. (F) Retinal mRNA levels of β3-AR at different times from
controls or OIR mice untreated or treated with DMOG. * p < 0.05 vs. normoxic controls. One-way
ANOVA followed by Tukey’s multiple comparison post-hoc test. Each histogram represents the mean
± SEM of data from 6 independent samples.
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3.2. Potential HBSs as Revealed by DNA Prediction Analysis

The finding that β3-AR expression may depend on HIF-1 levels prompted us to verify
whether potential HBSs can be present in the region upstream and inside the mouse and
the human β3-AR gene (Figure 2). As reported by NCBI Reference Sequence Database
and represented in Figure 2A, the mouse β3-AR gene contains 5 exons (E1-E5) that may
potentially express up to 6 different alternative mRNAs. Of them, 3 codify for the canonical
β3-AR protein (Figure 2A, green mRNAs) while the other 3 may be predicted to codify
for an alternative β3-AR protein with a different C-terminal sequence (Figure 2A, purple
mRNAs). Following DNA/RNA alignment between the genomic DNA and the longest
β3-AR mRNA, the TSS was predicted to be localized at the absolute position 27230845
of the mouse chromosome 8. The TSS was taken as a reference for the localization of the
potential HBBs. As HBSs can be localized at high distance with respect to the TSS [18] or
even inside the transcriptional region [19,20], we searched for potential HBSs by analyzing
the DNA sequence from the position −6765 upstream the TSS up to the position +4234
downstream the TSS using PROMO software [49,50] and searching for the minimal HBS
consensus sequence ACGTG known to be strongly conserved at the HBS level [25–27]
using the Fuzzy Search DNA tool. We found 6 different potential HBSs (Figure 2A, HBSs
#1–6). HBSs #1, #4 and #5 contain the ACGTG core sequence and were directly predicted
by PROMO, while HBSs #2, #3 and #6 contain ACGTG core sequence were not predicted
by PROMO as potential HBSs but were identified by Fuzzy Search DNA tool. To complete
this analysis, we evaluated the contribution of nucleotides additional to the ACGTG core
sequence in all 6 putative HBSs by comparing their sequences with those previously
characterized for a wide number of HIF-target genes [25,26,51]. We found that HBSs #1,
#4 and #5 contain the G−2 and/or the C+5 nucleotides (red highlighted in Figure 2A) in
respect to the A0CGTG core sequence, two nucleotides demonstrated an ability to increase
the probability that HIF-1 binds to the HBS [25]. These nucleotides are absent at level of
HBSs #2, #3 and #6, which contain only the core sequence. For these reasons HBSs #1, #4
and #5 were predicted as high-probability HBSs and, among them, the HBS #1 was the
only one identified into the DNA region upstream the TSS at −2186, a position compatible
with a classical transcriptional enhancer. As shown in Figure 2B, upstream and inside the
human β3-AR gene, 6 HBSs were also predicted. Of these, HBSs #3–6 are localized inside
the β3-AR gene, while HBSs #1 and #2 are localized upstream the putative TSS. In respect to
the data reported for the mouse β3-AR gene, human HBSs #1, #4, #5 and #6 show the G−2

and/or the C+5 nucleotides (highlighted in red in Figure 2B) in addition to the conserved
core sequence. Beside containing the G−2 nucleotide, the human HBS #1 was predicted at
−3545, a position comparable to that of the mouse HBS #1.
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Figure 2. Schematic representation of mouse and human β3-AR genes including their upstream
sequences. (A) In the mouse gene, 5 exons (E1–E5; solid boxes) and 4 introns (dashed lines) are
depicted. They potentially express up to 6 different alternative mRNAs of which 3 codify for the
canonical β3-AR protein (yellow mRNAs) while the other 3 for an alternative β3-AR protein with a
different C-terminal sequence (purple mRNAs). The putative transcription-start site (TSS) is indicated
by the red arrow. The positions of the 6 potential HBSs relative to the TSS are in green. All of them
contain the minimal HBS consensus sequence (underlined sequence 5′-ACGTG-3′). (B) In the human
gene, the positions of the 6 potential HBSs relative to the TSS are in green. All of them contain the
minimal consensus sequence (underlined sequence 5′-ACGT-3′). The putative TSS is indicated by
the red arrow. The highly conserved nucleotides G−2 and/or C+5 in the mouse and human HBSs
sequence are highlighted in red.

3.3. Stability of the HIF-1α Protein Model

The stability of the rebuilt structure of HIF-1α has been monitored using the root-
mean-square (RMS) deviation analysis, which represents the average displacement of the
atoms over the simulation time relative to a reference structure. This type of analysis allows
us to observe when the trajectories of displaced atoms plateau and converge towards
an equilibrium state. As shown in Figure 3A, the HIF-1α protein model stabilizes after
100 ns and remains stable throughout 200 ns of MD simulation. To describe the structural
mobility of HIF-1α protein, the RMS fluctuation analysis has been performed. It consists in
a measurement of the displacement of aminoacids relative to the starting structure. The
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fluctuation degree of aminoacids plays a key role for specific biological function; for this
reason the last 20 ns of MD simulation have been considered to define the RMS fluctuation
profile. Figure 3B shows that different HIF-1α regions, as evidenced by the corresponding
colors in Figure 3C, display a different fluctuation trend confirming the presence of flexible
domains in the HIF-1α structure. Since the domains of HIF-1α dimerization and binding
with DNA (Crystal Structure of the Heterodimeric HIF-1a:ARNT Complex with HRE
DNA as determined by Protein Data Bank) are known to correspond to the first portion
of the protein (i.e., the yellow domain in Figure 3C), HIF-1 in its dimeric form has been
modeled using the coordinates of the heterodimeric HIF-1α:HIF-1β DNA binding domain
as available from 4zpr pdb file [44]. Thereby, modeling of HIF-1β has been avoided because
of the scarce information in terms of its aminoacid sequence and crystallographic structure.
To confirm the reliability of the obtained dimeric interface, a comparison between the
present model and the 4zpr interface has allowed us to demonstrate a close superimposition
of the helices in the DNA binding domain (Figure S1).

Figure 3. HIF-1α modeling and HIF-1/DNA docking. (A) Root-mean-square (RMS) displacement of
protein backbone (black arrow indicates the time at which the stabilization of the protein structure
occurs). (B) RMS fluctuation of aminoacid displacement relative to the starting structure and the
principal domains of the HIF-1α protein, accordingly colored in (C). (D) HIF-1α protein modelized
in its dimeric form showing the correct interaction with the DNA fragment. The two monomers
are reported in green and orange respectively, while the DNA fragment is highlighted in blue. The
binding site generated by dimerization is better shown in the focus section.

After energy minimization, the final structure of HIF-1 in its dimeric form was rec-
ognized as the starting point for the subsequent investigation of affinity and specificity
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between HIF-1 and the different HBSs. In the representative model of Figure 3D, the correct
interaction between the DNA binding portion of the HIF-1 dimer and the DNA fragment
is shown.

3.4. Simulation of HIF-1/DNA Interaction and Binding Stability

The analysis of HIF-1/DNA docking identified 6 possible DNA segments (models 1–6)
corresponding to the 6 HBSs found in the mouse β3-AR genes by computational anal-
ysis with additional flanking nucleotides upstream and downstream the HBS (model 1,
GAACGTGCCTGGC, containing HBS #1; model 2, AACATACGTGGTCTT, containing HBS
#2; model 3, AACCAACGTGTTCGT, containing HBS #3; model 4, TGGACGTGCTCTGTG,
containing HBS #4; model 5, TGGCCAACGTGCTGCGCGCAC, containing HBS #5; model
6, TCCCACGTGAAGG, containing HBS #6). DNA sequences and reconstructions of the
models 1–6 are represented in Figure 4. The results are reported according to the docking
score for each simulated model. On the basis of the specificity of binding, which involves
interactions with the nitrogen-containing bases and not merely with the phosphate skeleton,
2 models have been selected. In particular, among the 6 simulated models, model 1 and
model 3 are those that show the highest affinity and specificity for HIF-1 (−276.06 and
−292.03 kJ/mol, respectively). For both, the highest scored models bind to the DNA bind-
ing domain for HIF-1. The other models, both for their docking score (−261.41, −254.76,
−239.97 and −251.09 kJ/mol for model 2, model 4, model 5 and model 6, respectively) and
for the nature of their interactions do not appear as suitable candidates for HIF-1 binding.
The characteristics of the docking models together with their 3-D structure including DNA
binding are summarize in Figure 4.

Figure 4. Graphical representation of the 6 HIF-1/DNA models displaying the 3D reconstruction of
the HIF-1 docking to each of the nucleotide sequence, including HBS and flanking sequences, and
their relative best docking score in kJ/mol.
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In order to make a definitive assessment of the binding stability, the selected models
underwent 100 ns of MD simulation. Direct interactions between HIF-1 protein and DNA
have been extrapolated from MD trajectories, and the results were plotted (Figure 5). The
effective amount of the contacts was verified by considering the number of atom pairs that
fall within a distance of 0.6 nm from each other. This is the maximum distance required
for effective interactions between aminoacids and nucleotides. As shown in Figure 5,
model 1 shows a high number of contacts, with an average value of 578 contacts in the
last 10 ns. A similar trend was observed for model 3, with 584 contacts in the last 10 ns.
In models 4 and 2, the average number of contacts in the last 10 ns are 504 and 476,
respectively. Regarding models 5 and 6, the number of contacts in the last 10 ns is 436
and 428, respectively, indicating that their overall structures do not remain stable during
MD simulation.

Figure 5. Direct interactions between HIF-1 and the 6 DNA fragments containing the HBSs as
extrapolated from 100 ns molecular dynamics trajectory simulation, expressed as number of contacts
within 0.6 nm distance between each other.

Docking analysis shown in Figure 6A demonstrates that, in model 1, Asp24 of the
monomer-A interacts with T in position 10 of the HBS #1while the hydroxyl group of Ser22
of the monomer-B interacts with A in position 2 of the flanking nucleotides upstream the
HBS #1. On the contrary, in model 3 (Figure 6B), the observed interactions are less specific
and only marginally involve the bases in the HBS #3. In particular, the 2 A in position 5
and 6, with A in position 6 being part of the HBS #3, interacts with Arg30 in monomer-A,
whereas the other interactions (between A in position 1 and 2 with Arg18 and Ser22 in
monomer-B, respectively) involve merely the phosphate skeleton and are electrostatic in
nature. Therefore, model 3 although predicted with high affinity in its binding, displays
Ser22 and Arg18 interactions mainly with the DNA phosphate skeleton thus resulting in
low specificity and less stable binding over time. Model 1, instead, displays a wide number
of interactions between aminoacidic residues of HIF-1 and the DNA bases contained in
the HBS #1.
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Figure 6. Docking analysis of model 1 and model 3. (A) HIF-1/HBS #1 best association complex: full
structure and focus on HIF-1-DNA interactions (boxes). (B) HIF-1/HBS #3 best association complex:
full structure and focus on HIF-1-DNA interactions (boxes).

3.5. HIF-1/HBS #1 Interaction and β3-AR Gene Expression

Overall, docking results and MD simulation point to HBS #1 as the HBS to which
HIF-1 is most likely to bind. To explore the interaction between HIF-1α and HBS #1, HIF-
1α-specific ChIP-qPCR analysis was performed in the mouse retina at PD12 (immediately
after the end of hyperoxia as well as at 1, 6 and 12 h after exposure to relative hypoxia)
and at PD17 (Figure 7A). These time points were identified as appropriate for the effective
detection of HIF-1-dependent VEGF transcription in the OIR model [52]. As shown in
Figure 7B, the interactions between HIF-1 and HBS #1, as determined by HBS #1 enrichment
relative to the IgG input, are drastically lower at the end of hyperoxia (PD12, time 0) than in
normoxic controls to then gradually increase from 1 to 12 h of hypoxia when about 35-fold
enrichment is reached. At that time, the HBS #1 enrichment is about 6-fold higher than
in normoxic controls. At 5 days of hypoxia (PD17), the interactions between HIF-1 and
HBS #1 are lower than after 12 h of hypoxia, but similar to those measured after 6 h of
hypoxia. At PD17, the interactions between HIF-1 and HBS #1 are about 3-fold higher in
respect to normoxic controls. β3-AR gene expression was also assessed in order to evaluate
whether HIF-1/HBS #1 interaction would be correlated with β3-AR gene expression. As
shown in Figure 7C, β3-AR mRNA levels gradually increase from 0 to 12 h of hypoxia in
close similarity with the HIF-1/HBS #1 interaction profile. In respect to normoxic controls,
mRNA levels of β3-AR are downregulated at the end of hyperoxia to then time-dependently
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increase with a peak at 12 h of hypoxia. At PD 17, β3-AR mRNA levels are higher than in
normoxic controls but lower than after 12 h of hypoxia.

Figure 7. HIF-1α interaction with HBS #1 and corresponding β3-AR gene expression at PD12 (from
0 to 12 h of hypoxia) or at PD17. (A) Schematic diagram of the OIR model pointing to the specific
times under analysis. (B) Data from HIF-1α chromatin immunoprecipitation and HBS #1-specific
qPCR (ChIP-qPCR) represented as fold enrichment relative to IgG input. (C) Corresponding levels of
β3-AR mRNA. White bars represent data from retinas of normoxic controls while grey bars represent
data from hypoxic mice. One-way ANOVA followed by Tukey’s multiple comparison post-hoc test.
Each histogram represents the mean ± SEM of data from 6 independent samples. * p < 0.05 vs.
normoxic controls (n = 6 samples).
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4. Discussion

Maintaining oxygen homeostasis is crucial for oxygen-dependent metabolism, and
exposure to low oxygen tension needs to be faced by adaptive responses, many of which
are triggered by HIF-1. Here, we demonstrate that an active HIF-1 binding site, the HBS #1,
is present upstream the mouse β3-AR TSS and that the physical interaction between HIF-1
and HBS #1 is correlated with β3-AR transcription. This suggests that HBS #1 might be a
transcriptional regulator of β3-AR gene in the mouse retina thus playing a central role in
determining β3-AR expression when retinal oxygen tension changes.

In a recent review, the possibility that β3-AR upregulation may be viewed as a general
marker of hypoxic conditions has been discussed [13]. In solid tumors, in particular, β3-AR
upregulation occurs in response to tumor cell proliferation leading to oxygen and nutrients
deprivation that drives the activation of key transcription factors regulating a large panel
of genes that allows the tumor cells to escape from an oxygen-deprived environment.
Infantile hemangioma (a benign tumor of childhood), for instance, and a wide range of
malignant tumors, which share dedifferentiation and hypoxia as main pathological features
are characterized by drastic β3-AR upregulation. Upregulation of β3-AR mRNA and
protein also characterizes additional ischemic conditions as for instance the failed heart
in which β3-AR ligands have been demonstrated to ameliorate the pathological signs of
cardiac injury [12,53,54]. The present findings that β3-ARs are upregulated in the retina
in response to hypoxia in concomitance with HIF-1α is in line with previous findings
indicating the possibility that increased levels of β3-AR would be coupled to the retinal
angiogenic response [15,55]. Upregulated levels of HIF-1α and β3-AR would trigger a
compensatory response by promoting VEGF accumulation causing the proliferation of new
vessels and the vasodilation of existing vessels. The additional finding that retinal β3-AR is
downregulated by hyperoxia in concomitance with lowered levels of HIF-1α and VEGF
opens the question of whether β3-AR downregulation would be involved in retinal vessel
regression in response to high oxygen tension.

β3-AR downregulation at birth has been recently demonstrated in the ductus arterio-
sus (DA), a fetal blood vessel connecting the aorta to the pulmonary artery. DA remains
open during the hypoxic intrauterine environment, whereas it normally closes soon after
birth in concomitance with a drastic decrease of β3-AR levels suggesting the possibility
that β3-AR participates in DA patency [56]. Additional evidence from peripheral blood
mononuclear cells is indicative of β3-AR downregulation during the switch from hypoxia
to normoxia sensed as hyperoxia [57]. The present finding that the expression profile of
retinal β3-ARs depends on changing oxygen tension similarly to HIF-1α and VEGF is
intriguing if one considers that the panel of genes transactivated by HIF-1 plays a central
role in cellular adaptation to oxygen deprivation [58].

Although receptor levels may depend on transcriptional and/or post-transcriptional
mechanisms, the present finding that β3-AR mRNA is accordingly regulated by oxygen lev-
els further supports the possibility that changing protein levels might be due to variations in
β3-AR gene expression. The additional finding that abolishing hyperoxia-induced HIF-1α
degradation prevents oxygen-dependent modulation of both β3-AR and VEGF reinforces
the possibility that β3-AR, similar to VEGF, behaves as a HIF-1 target gene. However, the
definitive establishment of HIF-1 role in the transcriptional regulation of β3-AR would
imply the identification of a functional HRE with which HIF-1 could physically interact. In
this respect, a previous study failed to demonstrate the presence of HRE consensus sites in
the promoter/enhancer region of the mouse β3-AR gene suggesting that hypoxia-induced
β3-AR upregulation derives exclusively from the post-transcriptional regulation of β3-AR
mRNA and/or from the stabilization of β3-AR protein [59]. On the other hand, the high
variability of the flanking sequences of the HRE might limit its determination which, in
contrast, might be facilitated by the identification of the highly conserved cores i.e., the
HBSs. Therefore, we investigated the presence of HBSs by analyzing the chromosome
8 sequences spanning upstream and inside the mouse β3-AR gene since potential HBSs can
be distant from the TSS, thus increasing the probability to find them. The present results
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reveal 6 different potential HBSs suggesting the presence of multiple sites of interaction
through which HIF-1 could actually bind to mouse β3-AR gene to modulate its expression.
In particular, HBS #1 and HBS #2 are localized upstream the TSS in a region containing
other established β3-AR gene enhancers [60] thus increasing the probability for these sites
to represent functional HBSs. HIF-1 binding to HBS#1 is further supported by the fact that
the nucleotides which are present upstream and downstream the minimal consensus core
have been demonstrated to play an important role in the interaction between HIF-1 and
HBSs [25]. The additional finding that human and mouse HBS #1 are located in correspond-
ing regions further reinforces the possibility that HBS #1 is the best candidate for potential
binding to HIF-1.

Still, the HBS consensus sequence is highly abundant across the genome, but less
than 1% of potential sites are actually bound by HIF-1 as demonstrated by genome-wide
analyses of HIF chromatin occupancy [25,26,61,62]. Therefore, a computational analysis
allowing the simulation of the HIF-1 binding affinity and specificity has been used to assess
the actual possibility of HIF-1 physical interaction with each of the identified HBSs. To this
aim, the 3D structure of HIF-1α has been reconstructed using the full HIF-1α aminoacidic
sequence and crystallographic data relative to HIF-1α fragments. As shown by the present
results, the build structure reaches a stable conformation at 100 ns after an initial rise that is
indicative of the equilibration of the system. The additional presence of flexible domains
confirms that the HIF-1α structure is stable, but with the flexibility needed to allow for
DNA binding. HIF-1 in its dimeric form has been approximated to HIF-1α homodimer
instead of a HIF-1α/HIF-1β heterodimer since HIF-1α and HIF-1β show similar flexibility
patterns in regions close to the dimerization portion [44]. The superimposition between
the homodimer and the dimer interface in the 4zpr structure shows that the present model
preserves the exact coordinates to generate the DNA binding domain. The analysis of
HIF-1/DNA docking has allowed the identification of 6 possible models, each of them
including the DNA sequence corresponding to each HBS sequence plus upstream and
downstream additional nucleotides. A similar analysis has been previously performed for
HIF-1/HBSs docking in the VEGF gene promoter [63]. Among the 6 models identified here,
model 1, including HBS #1, and model 3, including HBS #3, have been predicted as the
best models based on both docking score and number of contacts. The fact that model 3
displays HIF-1/DNA interactions mainly based on contacts of aminoacidic residues with
the phosphate skeleton suggests that, despite the high docking score and the high number
of contacts, this model would be devoid of the specificity required for an effective HIF-1
binding. Conversely, together with a high docking score and a high number of contacts,
in model 1, HIF-1 interacts exclusively with nucleotides within the consensus sequence
suggesting both affinity and specificity compatible with an actual HIF-1 binding.

Overall, the integration of data deriving from the bioinformatic analysis about the
localization of HBS #1 and the computational analysis regarding its compatibility for HIF-1
indicate HBS #1 as the most suitable site for HIF-1 binding to the β3-AR gene.

The validation of the actual HIF-1 physical interaction with the HBS #1 derives from
the ChIP-qPCR analysis, which definitively allows us to demonstrate HBS #1 as an effective
HIF-1 binding site. In particular, the present findings show a time-dependent increment in
HIF-1/HBS #1 physical interaction during the first hours of hypoxia, similar to that demon-
strated for the VEGF gene in the OIR model [52]. Although the presence of a specific site
for the HIF-1 binding confers hypoxic inducibility to the β3-AR gene, additional conditions
such as the recruitment of coactivators or epigenetic modifications may be required to as-
semble a fully functional transcription complex [64,65]. Therefore, the physical interaction
of HIF-1 with the HBS #1 does not necessarily imply an actual transcriptional regulation
of the β3-AR gene by HIF-1. However, the close correlation between the time-dependent
profile of the HIF-1/HBS #1 interaction and the corresponding β3-AR mRNA expression
indicates that, under hypoxia, the HIF-1 binding to the HBS #1 may effectively induce the
β3-AR gene expression and the consequent increase of β3-AR protein levels.
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HIF-1-mediated β3-AR expression opens the question of whether this event constitutes
only a marker of oxygen levels or is functionally related to hypoxia-associated events such
as angiogenesis. In this respect, the possibility exists that increased β3-AR expression
may play a functional role during the early phase of oxygen deprivation by promoting
the angiogenic drive in support of suffering retinal cells. Although β3-AR’s role in retinal
angiogenesis remains so far to be clarified, preliminary findings are indicative of β3-
AR’s contribution to massive vessel proliferation in response to hypoxia. In particular,
results obtained from retinal explants demonstrate that a β3-AR blockade or silencing
prevents hypoxia-induced VEGF upregulation [66]. In addition, in β1/β2-AR knock
out mice undergoing the OIR protocol, β3-AR agonism results in a dramatic increase
in VEGF accumulation in concomitance with retinal vessel proliferation in response to
hypoxia [67]. However, the finding that β3-AR antagonism does not influence hypoxia-
associated increase in VEGF levels and retinal vascularization [24], although in contrast
with a possible role of β3-AR in angiogenesis, may be due to the fact that many of β3-
AR antagonists bind β3-AR with a low affinity and specificity [68,69]. In contrast to
β3-AR antagonism, selective agonists are efficiently used for the treatment of overactive
bladder in which β3-AR activation leads to myorelaxant effects and increases bladder
capacity [70]. In addition, the fact that β3-AR agonism causes angiogenesis and vasodilation
in the ischemic heart [14,71] led to new pilot clinical trials assessing β3-AR agonists as
promising therapeutic targets for the treatment of heart failure [12]. In the retina, β3-AR
overstimulation during hyperoxia might serve to prevent vessel regression thus limiting
vessel proliferation in response to hypoxia similarly to that which has already been observed
through preventing HIF-1α degradation [47,48], but without the complication derived from
the activation of a vast array of genes.

Major constraints to the identifications of β3-AR’s role in ophthalmic diseases originate
from the scarce data on β3-AR expression and function in the posterior segment of the hu-
man eye. Although the role of β3-ARs as a therapeutic target in ophthalmological diseases
has been questioned [72], β3-AR involvement in the control of cell proliferation, migration,
invasion and elongation has been demonstrated in human retinal and choroidal endothelial
cells. In particular, β3-AR are expressed by human retinal endothelial cells where their
activation promotes cell migration and proliferation both of which characterize vascular
responses to altered sympathetic nerve activity [73]. In human choroidal endothelial cells,
β3-AR activation contributes to cell invasion, proliferation and elongation thus suggesting
β3-AR involvement in ocular diseases characterized by choroidal neovascularization [74].
These findings have been confirmed by recent data of Topcuoglu and Aslan [75] who
have demonstrated that in patients with an overactive bladder, routinary treatment with
mirabegron significantly increases choroidal vascular parameters suggesting that β3-ARs
may have a role in eye diseases associated with choroidal vascularization.

5. Conclusions

Reduced oxygen availability to retinal cells may lead to the progression of hypoxia-
induced proliferative diseases in which HIF-1 upregulation plays a major role. Although
inhibiting HIF-1 can be considered as an effective treatment of oxygen-dependent ocular
diseases, the use of most HIF-1 inhibitors is still debated because of their side effects and
toxicities. In contrast, therapies related to HIF-1 target genes may have remarkable impact
on counteracting hypoxia-related pathologies as it occurs for anti-VEGF therapies. Here,
we suggest the possibility that β3-AR transcription may depend on HIF-1 thus supporting
β3-AR involvement in HIF-1-mediated responses to hypoxia. In this respect, HIF-1 would
transactivate both VEGF and β3-AR, which has been shown to regulate VEGF levels in
response to low oxygen tension. This supports the possibility that β3-AR participates in
the angiogenic response to hypoxia.

In summary, the present study shows an increased β3-AR expression in the hypoxic
retina in which HIF-1 has been demonstrated to directly bind to the β3-AR enhancer region
thus up-regulating β3-AR at the transcriptional level. Future studies will be required to
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clarify β3-AR’s role in hypoxia-driven angiogenesis to lay the ground for novel treatments
of proliferative retinal diseases.
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erodimeric interface from 4zpr (orange) with the HIF1α homodimer model (green): full structure and
focus on DNA binding domain (boxes).
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Introduction

Accumulating evidence has progressively highlighted the 
essential functions of glial cells, which can no longer be 
thought of as the “silent supporters” of neurons. Within the 
vertebrate retina, which is responsible for visual perception, 
Müller cells are the principal glial cells. These cells are 
radially organized across the entire retinal thickness 
as originally shown by Cajal through Golgi staining in 
1892. This localization is designed for them to play major 
supporting roles: indeed, these glial cells constitute an 
anatomo-functional connection between retinal neurons 
and blood vessels, vitreous body, and subretinal space (1). 
Müller cells are deeply involved in the generation of the 
electroretinogram, highlighting their significant role in both 
retinal physiological and pathological responses. In addition, 
they are the major producer of retinal vascular endothelial 

growth factor (VEGF), providing a crucial contribution to 
retinal angiogenesis during physiological development but 
also exacerbating pathological neovascularization (2).

In vitro model systems including Müller primary cultures 
as well as immortalized cell lines, have been developed; 
these systems represent useful tools to investigate the 
physiological and pathological events that occur within the 
retina under different stress conditions. 

Methods

Moorfields/Institute of Ophtalmology-Müller 1 (MIO-M1) 

Limb et al. described for the first time the isolation 
protocol of Müller cells from human retina, and they called 
this spontaneously immortalized cell line MIO-M1 (3). 
Nowadays, MIO-M1 are widely used to investigate the 
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role of Müller cells in retinal diseases. For example, their 
response to hyperoxic or hypoxic exposure (when they 
are cultured in high or low oxygen tension, respectively), 
can give insights into their involvement in retinopathy of 
prematurity (ROP). Furthermore, it can be intriguing to 
analyze MIO-M1 response following stress conditions, as 
the case of oxidative stress (OS) (when they are cultured 
with H2O2) or pathological neovascularization (when they 
are cultured with VEGF). Below, we describe how to 
manage MIO-M1 cell lines and how to realize the previous 
mentioned experimental conditions.

Recipes
Complete cell culture medium:
	 Dulbecco’s modified Eagle’s medium (DMEM) high 

glucose (4.5 g/L) (Merck, Darmstadt, Germany, 
catalog number: D5671).

	 1% Glutamine (Merck, catalog number: G7513).
	 10% Foetal bovine serum (FBS) (Merck, catalog 

number: F4135).
	 1% penicillin-streptomycin (PS) (Merck, catalog 

number: P4333).
Starvation medium:
	 DMEM high glucose (4.5 g/L).
	 1% Glutamine.
	 0.1% FBS.
	 1% PS.

Culture of MIO-M1
MIO-M1 cells grow at 37 ℃, 5% CO2 in humified 
conditions. The cells must be seeded in flasks T75 
(Sartstedt, Nümbrecht, Germany, catalog number: 
83.3911.002) or petri dishes (Sartstedt, catalog number: 
83.3902) and maintained until they reach a subconfluent 
density. When cell density is about 75%, MIO M1 can be 
expanded or frozen, according to canonical cell culture 
protocols. In Table 1, MIO-M1cell number at confluence 
are reported.

Hyperoxia experiments
Hyperoxic condition should be performed at 75% oxygen 
and 5% CO2. Normoxic condition (atmospheric oxygen 
tension and 5% CO2) is used as a control. Experiments in 
hyperoxia should be performed following a time course, 
e.g., 24/48/72 h. At least three independent experiments 
for each condition (normoxia and hyperoxia) must be used 
to perform statistical analysis. The suggested cells seeding 
density is reported in Table 2.
	 On the first day, seed the suggested number of 

MIO-M1 cells in complete cell culture medium.
	 The following day, remove the medium from the 

dish.
	 Add MIO-M1 starvation medium.
	 After 24 h, remove the starvation medium.
	 Add complete cell culture medium.
	 Incubate the cells in hyperoxic condition, leaving the 

control cells in normoxia.
After 24/48/72 h proceed with subsequent analyses. 

Hypoxia experiments
Hypoxic condition should be performed at 1% oxygen 
and 5% CO2. Normoxic condition is used as a control 
(see above). Experiments in hypoxia should be performed 
following a time course, e.g., 24/48/72 h. At least three 
independent experiments for each condition (normoxia and 
hypoxia) must be used to perform statistical analysis. The 
suggested cells seeding density is reported in Table 2.
	 On the first day, seed the suggested number of 

MIO-M1 cells in complete cell culture medium.
	 The next day, remove the medium from the dish.
	 Add MIO-M1 starvation medium.
	 After 24 h, remove the starvation medium.
	 Add complete cell culture medium.
	 Incubate the cells in hypoxic condition, leaving the 

control cells in normoxia.
After 24/48/72 h proceed with subsequent analyses. 

Table 1 MIO-M1 density at confluence

Flask/dish type Cell density at confluence

T75 flask 2.7×106

TC 100 Petri dish 1.5×106

2.7×106 MIO-M1 cells reach 100% confluence in a TC 75 flask. 
1.5×106 MIO-M1 cells reach 100% confluence in a TC 100 Petri 
dish. MIO-M1, Moorfields/Institute of Ophtalmology-Müller 1.

Table 2 Number of seeding cells 

Dish type Number of seeding cells for time course 
experiments

24 h 48 h 72 h

TC 100 mm Petri dish 1.0×106 7.25×105 5.89×105

TC 60 mm Petri dish 4.0×105 2.77×105 2.25×105

MIO-M1 cells number we suggest seeding in TC 100 mm or 60 
mm Petri dishes for each point of the time course experiments. 
MIO-M1, Moorfields/Institute of Ophtalmology-Müller 1. 
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Induction of OS
H2O2 is commonly used to induce OS on cultured cells. It 
has been demonstrated that MIO-M1 cells proliferation/
viability and morphology remain unaltered at H2O2 
concentration of 100, 200 or 400 µM, while higher 
concentrations result in dramatic loss of cell viability and 
alter morphology (4).
	 On the first day, seed the suggested number of cells 

in complete cell culture medium.
	 The next day, remove the medium from the dish.
	 Add the starvation medium.
	 After 24 h, remove the starvation medium.
	 Add OS medium.
	 After 24 h proceed with subsequent analyses.
To maximize H2O2 effect, treat the cells with 5 µM 

ML385 (Bio-Techne, Minneapolis, MN, USA, catalog 
number: 6243), an inhibitor of Nrf2.

Culture with VEGF
To mimic the conditions of pathological angiogenesis, 
treat MIO-M1 cells with recombinant human VEGF 
(Merck, St. Louis, MO, USA, catalog number: SRP3182) 
diluted 1–5 ng/mL in complete growth medium (VEGF 
medium) as shown in (4). 
	 On the first day, seed the suggested number of cells 

in complete cell culture medium.
	 The following day, remove the medium.
	 Add the starvation medium.
	 After 24 h, remove the starvation medium.
	 Add VEGF medium.
	 After 24 h proceed with subsequent analyses.

Molecular analyses
Once mimicked a given pathological condition (e.g., 
ROP ischemic phase by means of hyperoxia, ROP 
neovascularization phase by means of hypoxia, etc.), it is 
interesting to investigate whether and which molecular 
pathways are altered compared to untreated controls. Here, 
we briefly report protocols regarding qPCR, Western Blot 
analysis, viability assay (e.g., Trypan blue assay and MTT 
assay), cell cycle analysis and Reactive Oxygen Species (ROS) 
detection.
qRT-PCR
Perform total RNA extraction using RNeasy Micro Kit 
(Qiagen, Hilden, Germany, catalog number: 74104). Use 
Nanodrop™ spectrophotometer (NanoDrop products, 
Wilmington, CA, USA) for RNA quantification, and random 
hexamers (Qiagen, QuantiTect® Reverse Transcription 

Kit, catalog number: 205313) for cDNA synthesis. Use 
SsoAdvanced Univ SYBR Grn Suprmix (Biorad, CA, USA, 
catalog number: 1725274) for qRT-PCR reactions. Perform 
data analysis using the comparative 2–ΔΔCt method for 
relative quantification (5).
Western blot
Use RIPA Lysis Buffer System (Santa Cruz, Dallas, Texas, 
USA, catalog number: sc-24948) for protein extraction; 
assess protein concentration through Micro BCA™ Protein 
Assay Kit (Thermofisher, Massachusetts, USA, catalog 
number: 23235). Carry out Western Blot analysis on 15 µg 
protein using 4–20% Mini-PROTEAN® TGX™ Precast 
Protein Gels, 10-well (Biorad, catalog number: 4561093) 
and Trans-Blot Turbo Midi NC Transfer Packs (Biorad, 
catalog number: 1704159). Use Clarity Western ECL 
Substrate (Biorad, catalog number: 1705061) to visualize 
the signal that will be analyzed with Image Lab Software 
(Biorad).
Cell viability assays 
(I) Trypan blue exclusion assay 
Detach MIO-M1 cells with trypsin-EDTA. Add 50% 
Trypan blue (3Z,3'Z)-3,3'-[(3,3'-dimethylbiphenyl-4,4'-
diyl)di(1Z)hydrazin-2-yl-1-ylidene]bis(5-amino-4-oxo-3,4-
dihydronaphthalene-2,7-disulfonic acid) (Sigma-Aldrich, 
catalog number: T8154). Perform cell count using TC20 
Automated Cell Counter (Biorad, catalog number: 1450102) 
and Cell Counting Slides Dual-Chamber for TC10™/
TC20™ Cell Counter (Biorad, catalog number: 1450011). 
At least three counts for each sample must be performed for 
statistical analysis. 
(II) MTT assay 
Seed MIO-M1 cells onto 96-well flat bottom microplates. 
When cells are 60–70% confluent, evaluate their viability 
with Cell Proliferation Kit I MTT assay (Roche, Monza, 
Italy, catalog number: 11465007001), in accordance with 
the manufacturer’s protocol. Use Ultra Microplate reader 
(Bio-Tek Instruments Inc., Winooski, VT, USA) to measure 
absorbance at 570 nm.
Cell cycle analysis
Seed MIO-M1 cells onto 10 mm plates. Detach the cells 
with Trypsin-EDTA, fix and stain them in propidium 
iodide solution, according to the protocol described in 
reference (6). 
ROS determination
(I) ROS determination with the Fluorescent Probe 
2’,7’-Dichlorofluorescin diacetate (DCF)
Seed MIO-M1 cells in 96 well-black plates with flat bottom 
(Sigma-Aldrich, catalog number: 35845) and wash them 
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with PBS 1X, incubate with 15 μm DCF (Sigma-Aldrich, 
catalog number: 35845) and quantify ROS production 
following the protocol described in (7).
(II) Flow cytometry analysis of MitoSOX signal
Stain MIO-M1 cells with 1 μm MitoSOX Red (Thermo 
Fisher Scientific, catalog number: M36008) for 40 min at 
37 ℃ following manufacturer’s instructions. After staining, 
cells can be analyzed by flow cytometry as described in (7).

Immunocytochemistry 
M I O - M 1  c e l l s  c a n  b e  c h a r a c t e r i z e d  t h r o u g h 
immunocytochemistry using the Glutamine Synthetase (GS) 
as a specific marker for Müller cells (8). In addition, a widely 
used target to examine pathological-like general responses 
of these cells following stress is the Glial Fibrillary Acidic 
Protein (GFAP). GFAP is a cytoskeletal protein used as 
a marker of reactive gliosis, and abundantly expressed in 
Müller cells under stress conditions (9). Below, we describe 
the protocol to perform immunocytochemistry analysis of 
MIO-M1 cells:
	 Plate MIO-M1 cells onto 24×24 slides (Bio Optica, 

Milano, Italy, catalog number: 09-02424) with 
complete cell culture medium and allow them to 
attach.

	 Remove medium and wash the slides with PBS 1X.
	 Fix the cells by incubating the slides for 20 min at 

−20 ℃ with cold methanol (Carlo Erba, Milan, Italy, 
catalog number: 414816) plus 5% Acetic acid glacial 
Baker analyzed™ (Thermofisher, catalog number: 
6052).

	 Rinse with PBS 1X three times for 5 min.
	 Permeabilize and block into a humidified chamber 

at RT in 0.1% triton with 5% bovine serum 
albumin (BSA) fraction V (Merck, catalog number: 
10735086001) for 1 h and cover the slides with 
parafilm (Merck, catalog number: P7668).

	 Incubate the slides overnight with the primary 
antibody in a humidified chamber at 4 ℃ and cover 
them with parafilm.

	 Rinse the slides three times for 5 min with PBS 1X.
	 Incubate them for 1 h with the properly conjugated 

secondary antibody into a dark humidified chamber.
	 Rise them three times for 10 min with PBS 1X in the 

dark.
	 Coverslip the slides with the Fluoroshield™ with 

DAPI mounting medium (Merck, catalog number: 
slcc8448).

Figure 1A shows MIO-M1 cells stained with anti-GS 

antibody (Abcam, Cambridge, United Kingdom, catalog 
number: ab228590) diluted 1:1,000. The secondary 
antibody is a Goat Anti-Rabbit IgG H&L (Alexa Fluor® 
488) (Abcam, catalog number: ab150077).

Figure 1B shows MIO-M1 cells stained with monoclonal 
anti-GFAP antibody (Merck, catalog number: G3893) 
diluted 1:100, after 24 h hypoxia. The secondary antibody is 
a Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, 
catalog number: ab150077). 

Primary cultures of isolated Müller cells

Primary cultures are widely used to investigate the 
molecular pathways involved in both physiological and 
pathological conditions, while maintaining the functional 
properties the cells showed within the organ they come 
from. Moreover, primary cultures allow us to evaluate 
the direct effects on cells of either synthetic or natural 
compounds to be used as drugs in therapy. Particularly, 
isolation of primary Müller cells offers the invaluable 
possibility to analyze status and responses of the major 
retinal glia lineage within diseased retinas. For example, 
it is possible to isolate Müller cells from diabetic animals, 
OIR mice, retinal degeneration 10 (RD10) mice, glaucoma 
rat models and so on. Here, we report the protocol 
to isolate primary Müller cells from the mouse retina 
according to (10):
	 Dissect mouse retina.
	 Incubate the retina in papain and DNase solution 

(Worthington Papain Kit Worthington Biochemical, 
catalog number: K003150).

	 Cut the retina into small pieces and incubate at 37 ℃ 
with gentle shaking for 1h until the solution becomes 
clear.

	 Dissociate the mixture with a 5 mL pipette for 2– 
3 times.

	 Centrifuge the cellular suspension at 300 Relative 
Centrifugal Force (RCF) for five minutes at room 
temperature.

	 Mix the medium (DMEM supplemented with 
10% FBS, 1% PS) in a tube with sterile EBSS, 
reconstituted albumin-ovomucoid inhibitor solution, 
DNase I solution.

	 Remove the supernatant and resuspend the cell 
pellet in medium mix. 

	 Add the albumin-inhibitor solution and centrifuge at 
70 RCF for 6 minutes at room temperature.

	 Remove the supernatant and resuspend the pelleted 
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cells in culture medium. 
	 Culture the dissociated cells in 0.1% gelatin-coated 

dish at 5.5% CO2 and 37 ℃.
	 Change the medium every 5 days until cells are 

confluent. 
	 Pass cells at 1:1 ratio to a fresh dish gelatin-coated 

dish.
	 Adherent Müller glial cells reach more than 95% 

purity after 2 passages since other retinal neural cells 
do not survive under such a culture condition.

Once isolated, Müller cells can be roughly recognised 
based on their typical bipolar morphology: they show two 
main cellular processes, both arising from the central soma 
(Figure 2). In vivo, their inner process forms an endfoot at 
the inner limiting membrane which borders the retina to 
the vitreous humour; instead, their outer process forms 
close contacts to the photoreceptors (11).

Immunocytochemistry of isolated Müller cells
Once isolated, primary Müller cells can be identified using 

GS which is expressed throughout their length (8). Below, 
we report the immunocytochemistry protocol to perform 
GS staining on isolated Müller cells, according to (12): 
	 Plate primary Müller cells onto glass slides.
	 Remove medium and wash the slides with PBS 1X.
	 Fix them for 20 minutes in 4% paraformaldehyde at 

room temperature (RT) in a humidified chamber.
	 Block cells with 3% BSA in PBS 1X for 1 h in a 

humidified chamber. 
	 Incubate them with anti-GS antibody overnight at 

4 ℃.
	 Wash three times with PBS 1X added with 0.1% 

Tween-20. 
	 Incubate the slides with the secondary antibody in a 

dark humidified chamber.
	 The nuclei can be stained with 1:1,000 4’,6-diamidino-

2-phenylindole (DAPI) for 5 minutes.
	 Müller glia can be visualized through a confocal 

microscope.
Figure 3 shows immunocytochemistry on primary Müller 

Figure 1 Immunostaining of MIO-M1 cells. (A) Untreated MIO-M1 glia was stained with 1:100 anti-GS antibody; nuclei are DAPI-
stained. Scale bars = 50 µm. (B) Twenty-four hours hypoxic MIO-M1 cells were stained with 1:100 monoclonal anti-GFAP antibody; nuclei 
are stained with DAPI. Scale bars = 150 µm. MIO-M1, Moorfields/Institute of Ophtalmology-Müller 1.

GS	 DAPI	 MERGE

GFAP	 DAPI	 MERGE

A

B
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cells isolated from the mouse retina using anti-GS antibody 
(Abcam, Cambridge, United Kingdom, catalog number: 
ab228590) diluted 1:500. The secondary antibody is a Goat 
Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, catalog 
number: ab150077).

Whole-cell patch clamp on isolated Müller cells 
Müller cells are deeply involved in controlling osmotic 
and ionic homeostasis of retinal extracellular environment. 
To this purpose, they express a variety of ion channels 
including the glial Inwardly Rectifying K+ (Kir) channels. 
Kir channels have a high opening likelihood and, thus, a 
large macroscopic conductance at the resting membrane 
potential. These channels are open in resting Müller 
glia and play an important role in the spatial buffering of 
potassium ions and in retinal osmoregulation (13). Kir 4.1 
is the main responsible for the negative resting membrane 
potential (approximately −80 mV), which is near to the 
equilibrium potential of K+ ions (14). Several homeostatic 
functions of Müller cells, as potassium buffering itself 
and neurotransmitter uptake, depend on this negative 

membrane potential (1). Müller cells are known to show 
altered membrane properties in many pathological 
conditions; whole-cell patch technique is a worthwhile tool 
to analyze these possible changes in primary Müller cells 
derived either from diseased animals or treated ones (15). In 
fact, electrophysiological studies on the retina, particularly 
on Müller cells, were firstly performed by recording the 
electroretinogram (ERG) or by using intracellular electrodes 
or K+-selective electrodes; these methods only allowed to 
draw indirect conclusion about Müller cells physiology, 
for example by observing alterations in the ERG following 
blockage of glial K+ conductance. Instead, whole-cell patch 
clamp technique enables a more specific investigation of 
the functionality of channels and receptors on individual 
cells. This technique was used for investigating Müller 
cell functions involving electrophysiological properties in 
different vertebrate species (9). Importantly, whole-cell 
patch clamp technique can be used to record current signals 
from different parts of a neuron as well as from a small 
network of interconnected neurons. Up to date, whole-cell 
patch clamp recordings have been performed on different 
neuronal cell types, including retinal ones (16,17).

Below, we report the protocols to perform patch clamp 
on primary Müller cells isolated from mouse and from rat:
	 To perform patch clamp recordings from Müller 

cells isolated from mouse, use borosilicate glass patch 
pipettes (GB150-8P, Science Products, Hofheim, 
Germany). Their resistance should be 5–7 MΩ 
when filled with the intracellular solution reported 
in (15). To perfuse the recording chamber, use the 
extracellular solution as described in (15). Record 
membrane currents of isolated Müller cells in the 
voltage clamp mode, according to (15).

	 To perform patch clamp recordings from Müller 
cells isolated from rats, use a patch clamp amplifier 
(EPC10; HEKA Electronik, Lambrecht, Germany). 
The resistance of pipette is 8–10 MΩ when filled 
with recording solution described in (18). The 
content of external medium is reported in (18). Kir 
currents can be evoked through hyperpolarized 
voltage pulses from a holding potential of −80 mV in 
increments of 20 mV, according to (18).

Single channel recordings 
Single channel recording can be performed on Müller cells 
in order to specifically examine single-channel properties, 
as the ones of a Kir4.1 channel, for example. Single-channel 
patch recordings can be carried out with borosilicate 

Figure 3 GS staining of primary mouse Müller cell. Murine 
primary Müller cell was stained with 1:500 anti-GS antibody; 
nuclei were DAPI-stained. Scale bar = 50 µm. GS, Glutamine 
Synthetase.

Figure 2 Phase Contrast microscopy of primary mouse Müller 
cell. White arrow indicates cell body. White arrowhead points out 
cell endfoot. Scale bar = 50 µm.
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glass pipettes. The content of both the internal solution 
contained in pipettes, and the bathing solution are reported 
in (19). Data must be recorded at 5 kHz and low-passed at  
1 kHz using an Axon 200B amplifier, according to (19).

Discussions

In summary, both MIO-M1 cells and isolated Müller cells 
represent valuable in vitro model systems to investigate 
biological, molecular and electrophysiological properties 
of a fundamental component of retina. The glial retinal 
cells, either in healthy or pathological condition. The 
choice of the model depends on the experimental settings 
and requirements. Indeed, primary cultures are limited 
by restricted lifespan since cells, once isolated, undergo 
senescence and death: no long-lasting studies can be 
performed on them, differently from continuous MIO-M1 
cell line. However, primary Müller cells can be directly 
isolated from disease animal models, also upon in vivo 
treatment of the models with drugs to be tested. 
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