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The network of blood vessels in the central nervous system is critically important for 

nutrient delivery and waste removal in higher organisms.  A special set of properties 

distinguishes blood vessels in the central nervous system from those in other organs, because 

these vessels must provide an extra layer of protection and responsiveness to the real-time 

demands of neurons.  Much is known about way the normal physiology of neurons induces 
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changes in local blood vessels to re-direct nutrient flow and relieve the buildup of waste 

products.  However, there are many potential interactions between neurons and blood vessels 

about which we know very little.  Whether vessels respond to different types of neuronal 

dysfunction, and if neural activity plays an important role in development of the vascular 

network are two such unexplored questions.  This dissertation is comprised of several projects 

which all address the underlying mechanisms, consequences, and applications of, neural-

vascular interactions in retinal development and disease. 

The aim of the first study (Chapter 2) was to determine whether early spontaneous 

neural activity is the postnatal mouse retina is related to contemporaneous angiogenesis.  We 

found that activity of the cholinergic retinal circuitry was necessary to establish proper layer-

specific vascular development and to turn on blood-retinal barrier properties, and elucidated 

the signaling pathways involved in this process. 

The aim of the second study (Chapter 3) was to determine whether specific injury to 

neurons in the retina would alter transcription in endothelial and microglial cells.  We found a 

number of transcriptomic changes in these cells that may represent RNA originating from non-

microvascular cells. 

These studies describe new findings concerning the basis for intercellular 

communication between neurons and blood vessels in the retina, both during development and 

disease.  A better understanding of neurovascular interactions may promote novel therapeutic 

strategies and biomarker discovery for blinding diseases of development and aging. 
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Chapter 1 

 

The Retina as a System to Study Neurovascular 

Interactions
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Abstract 

This chapter serves as an introduction to neurovascular interactions. It begins with an 

introduction to the unique properties of blood vessels in the CNS and retina. It then discusses 

the connection between neurons and these properties, with a focus on the role of neural 

activity-driven metabolism in coordinating multiple aspects of neurovascular physiology. 

Open questions in the field are discussed, and the organization of this dissertation is outlined. 

Dissertation Introduction 

Blood-retina and blood-brain barrier properties 

In the CNS, blood vessels tightly regulate the passage of soluble molecules and cells 

from the blood into the tissue parenchyma (1, 2). This situation contrasts with peripheral 

vasculature, where small molecules move relatively freely across the vascular wall, up to 

specific size and charge limits that typically prevent highly charged molecules and proteins 

from entering the tissue. This set of properties is called the blood-brain barrier (BBB) in the 

brain and the blood-retinal barrier (BRB) in the retina, although the two terms may be used 

interchangeably as no specific differences in molecular function of the two barriers has yet 

been identified (3). Molecular and transciptomic profiling of isolated endothelial cells has 

revealed genes that are unique expressed at endothelial cells of the CNS. Multiple 

independently regulated systems contribute to the overall function of the BRB, and it is 

consistent with the available evidence to think of the BBB in the CNS as both a suppression of 

‘leaky’ properties that may normally be present in peripheral peripheral vessels, combined 

with an activation of ‘tight’ properties that are not normally present in peripheral vessels. In 

addition, the CNS vasculature expresses its own special set of ‘leaky’ properties that enable 

the influx of CNS-specific necessary molecules. Many CNS pathologies lead to a breakdown 

of the BBB, which may constitute a primary insult of the disease process, or a secondary insult 

that adds damage on top of the primary pathology (1, 2, 4). 

https://paperpile.com/c/D85h5T/xH1To+n1Nij
https://paperpile.com/c/D85h5T/RwumO
https://paperpile.com/c/D85h5T/xH1To+hYNc2+n1Nij
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Junctional proteins between endothelial cells in the retina are responsible for 

preventing paracellular diffusion of small molecules, lipids, and proteins into the retina (5–7). 

At the level of electron microscopy, these junctions appear to fuse the membranes of two 

neighboring endothelial cells with tightly intertwining strands (8, 9). Major families of 

junctional proteins that subserve this function in the BRB are adherens, tight junctions, and 

junctional adhesion molecules (JAMs) (10–12). Fenestrations are typical in non-CNS 

vasculature and in early CNS vessels, but disappear in the CNS in development (13). The 

structure of junctional proteins at the BRB involves tight junctions like Cldn5 and occludin 

anchored by ZO-1 to the actin cytoskeleton, and adherens junctions like VE-cadherin 

anchored to the actin cytoskeleton through alpha- and beta-catenin (3). The functions of 

occludin can be modulated by VEGF-induced phosphorylation, which results in increased 

endocytosis and degradation of junctional proteins and may explain VEGF’s role in increasing 

vascular permeability(14–17). 

CNS environment in BRB formation 

Elegant transplant studies have demonstrated that the CNS microenvironment is 

responsible for induction of BRB and BBB properties in the CNS (18). The CNS is composed 

of numerous non-endothelial cell types, including neurons, pericytes, astrocytes, microglia, 

and oligodendrocytes (in the brain but not the retina). Which of these cell types contribute to 

the environmental cues that support BRB formation? As previously mentioned, Muller glia in 

the retina are the source of the Wnt ligand norrin that regulates both angiogenesis and barrier 

formation (19). Pericytes secrete Ang1, which acts on endothelial cells to induce tight junction 

expression (20). In co-culture models, pericytes reduce the permeability of primary endothelial 

cells in part by TGF-B secretion (21). Knockdown or expression of a hypomorphic form of 

platelet-derived growth factor (PDGFR) beta (PDGFR-B) prevents endothelial cell PDGF-

https://paperpile.com/c/D85h5T/fAugH+7q0AL+kLasP
https://paperpile.com/c/D85h5T/y4LKv+4Hh5M
https://paperpile.com/c/D85h5T/H1aD7+lld95+WHWOy
https://paperpile.com/c/D85h5T/V5ikA
https://paperpile.com/c/D85h5T/RwumO
https://paperpile.com/c/D85h5T/7T2Om+Cr6gu+BTqY7+z20Wh
https://paperpile.com/c/D85h5T/15QRm
https://paperpile.com/c/D85h5T/suGXq
https://paperpile.com/c/D85h5T/lrBcK
https://paperpile.com/c/D85h5T/HXOmj
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dependent recruitment of pericytes to vessels, is lethal, and leads to massive hemorrhage and 

edema (22–24). Astrocyte-conditioned media, cyclic AMP analogs, and corticosteroids can 

induce some barrier properties in vitro (25–28). In early transplant studies, astrocytes and 

Muller glia injected into the anterior chamber of rat eyes were vascularized with vessels that 

did not leak Evans blue or horseradish peroxidase, suggesting that these cells are able to 

induce barrier properties (29, 30). Importantly though, no culture model fully recapitulates the 

barrier properties observed in vivo, and many of the proteins and molecules that can induce 

barrier properties in these models are of uncertain significance in the in vivo physiologic 

condition. 

Molecular signaling in barrier formation and maintenance 

Wnt 

Very few regulators of BBB properties have been discovered, but Wnt signaling is the 

main driver of the expression of BBB-related proteins in the CNS (31). In canonical Wnt 

signaling, one of a family of Wnt ligands binds to the extracellular domain of a Frizzled 

receptor in concert with the Lrp5/6 co-receptor, sequestering Axin and APC at the inner 

membrane. Axin and APC would normally be targeting beta-catenin for degradation by the 

ubiquitin-proteasome pathway, but after being sequestered beta-catenin accumulates and 

travels to the nuclear to induce the transcription of Wnt-related genes (32). Wnt7a increases 

the expression of the transporters Glut-1, Cat1, and Ta1 (33), and just as Wnt-dependent 

angiogenesis across differing CNS regions is mediated by a heterogenous set of receptors and 

ligands, so is Wnt-dependent acquisition of BBB properties (34). Cldn5 may be regulated by 

Wnt signaling, since its expression is decreased in norrin knockout (19). 

VEGF 

In contrast to Wnt signaling, which is pro-angiogenic and induces BBB properties, 

VEGF is pro-angiogenic and leads to increased vascular permeability. Many pathological 

https://paperpile.com/c/D85h5T/hecoN+LnHL2+RDdQp
https://paperpile.com/c/D85h5T/Zzs56+Iq4K4+Dl9p8+If0N9
https://paperpile.com/c/D85h5T/rbvEC+PIOkt
https://paperpile.com/c/D85h5T/g2Yqw
https://paperpile.com/c/D85h5T/uDoHv
https://paperpile.com/c/D85h5T/ZvK6F
https://paperpile.com/c/D85h5T/N7O0S
https://paperpile.com/c/D85h5T/suGXq
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conditions with elevated VEGF and corresponding retinal edema are effectively treated with 

anti-VEGF therapy, reducing both the abnormally high angiogenesis and the abnormally high 

leakiness of the vessels. As previously stated, VEGF may exert its anti-barrier effect by 

altering occludin regulation (35). Alternatively, injecting VEGF into the vitreous of monkey 

eyes lead to increased permeability and increased ultrastructural evidence of transcytosis, but 

no increase in endothelial cell fenestrations (36, 37). It may be that VEGF affects vessel 

permeability at multiple levels of BBB function. 

Other pathways 

DR6 and TROY, in addition to being involved in angiogenesis, are also involved in 

barrier function. It is unclear whether this is an effect confounded with the hemorrhagic 

lesions frequently observed in models of compromised angiogenesis, or a direct effect on the 

function of BBB-specific properties in endothelial cells. In either case, knockdown of DR6 or 

TROY increases small molecule leakage into the mouse brain during development and 

adulthood (38). Gpr124 also regulates barrier formation, perhaps by crosstalk with the 

Wnt/beta-catenin pathway, by controlling Glut1 expression (39–41). 

Neurons and CNS vasculature 

Neural activity and metabolism 

Most of the energetic demand in the retina originates from neural activity (42), 

specifically the activity of ATP-drive membrane-bound ion pumps (Na/K/ATPase) (43) to 

restore the electrochemical gradient across the membrane after membrane depolarizations. 

Other functions of the neurons contribute to energy demand, such as protein synthesis (44), 

neurotransmitter trafficking (45), and active transport of cellular organelles (46), but overall 

these make minor contributions to energy demand. It is important to note that it is membrane 

depolarization that drives ATP usage, not necessarily action potential generation. Cells which 

rarely fire but have extensive dendritic arbors and receive many subthreshold inputs may 

https://paperpile.com/c/D85h5T/x812w
https://paperpile.com/c/D85h5T/50lJP+UCJkt
https://paperpile.com/c/D85h5T/uc6XG
https://paperpile.com/c/D85h5T/DNurH+oKT2H+t6qR2
https://paperpile.com/c/D85h5T/6IuzR
https://paperpile.com/c/D85h5T/GfcjN
https://paperpile.com/c/D85h5T/bll28
https://paperpile.com/c/D85h5T/TybK6
https://paperpile.com/c/D85h5T/VVl17
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consume far more energy that neurons with compact dendrites and strong synaptic 

connections (42). Cytochrome c, which reflects the oxidative capacity of cells (42), stains 

most strongly in cone inner segments and the dendritic layers (47). Tetrodotoxin (TTX) 

inhibition of action potentials in vivo leads to decreased cytochrome c and Na/K/ATPase 

staining in RGCs, the predominant spiking cells in the adult retina (48), demonstrating a 

linkage between neural activity and metabolism. 

In the retina, the link between metabolism and neural activity has been suggested in a 

number of experiments. Retinal vessels do respond to light-induced activity by adjusting 

blood flow (49). Low oxygen, and thus impaired oxidative metabolism, leads to a decrease in 

the electroretinogram (ERG) amplitude (50) and visual field defects (51, 52). Photoreceptors 

utilize 2-3 ATP to regenerate each molecule of retinal that isomerizes after absorbing a photon, 

but this accounts for possibly an order of magnitude less energy consumption than the dark 

current, which maintains a constant state of depolarization across the membrane (53). Perhaps 

counterintuitively, overall retinal energy consumption increases in the dark (54–56), 

presumably because of the large contribution of dark current to overall retinal energy 

consumption. 

Dissertation Organization 

Chapter 2 introduces work done on the role of starburst amacrine cells and cholinergic 

retinal waves in establishing the developing retinal vasculature in the mouse. Chapter 3 

introduces work done on the response of retinal microvascular cells to whole-retinal injury. 
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Retinal Waves Regulate Angiogenesis, Blood-Retinal 
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Abstract 

Blood vessels in the central nervous system (CNS) develop unique features not found 

elsewhere in the vascular system. These include the ability to adjust blood flow to match the 

metabolic demand of local neuronal activity and the maintenance of extracellular CNS 

homeostasis by expressing the set of properties known as the blood-brain- or blood-retinal-

barrier (BRB). What role does neural activity play in establishing these properties? During 

postnatal development in the mouse, endothelial cells are rapidly proliferating and migrating 

through the retina and acquiring these properties. At the same time, waves of patterned 

electrical activity are sweeping across neurons in the retina, driven by distinct neural circuits 

that change over time. Although these two events are occurring contemporaneously, it is not 

known whether they are related. Here we report that inhibiting cholinergic activity during the 

period of cholinergic retinal waves selectively prevents growth of one of the vascular plexuses 

and leads to BRB breakdown. Pharmacologic blockade of cholinergic activity and starburst 

amacrine cell-specific depletion profoundly inhibits the ability of the superficial retinal 

vasculature to invade the deeper layers of the retina, and leads to increased vessel permeability. 

VEGF, a regulator of endothelial cell growth, and norrin, the Wnt ligand that induces BRB 

properties in the retina, are decreased after activity blockade. Restoring VEGF by injection of 

recombinant protein and Wnt signaling by expressing stabilized beta-catenin in endothelial 

cells rescues the effects of activity blockade on vessel growth and BRB function, respectively. 

Our findings suggest that retinal waves lie upstream of developmental VEGF and norrin 

production, and play a coordinating function between angiogenesis and BRB formation. 

Neural activity originating from distinct neural circuits may be a general mechanism for 
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driving angiogenesis and barrier formation across multiple CNS regions and developmental 

timescales. 

 

Introduction – retinal waves 

Spontaneous correlated activity during development 

In adult mammals the retina is the primary organ for sensory transduction of visual 

signals. During development there is a period in some animals when retinal neurons, even 

though not yet capable of full phototransduction, have spontaneous propagating activity (1–3). 

This activity is mediated by a succession of distinct neural circuits (4, 5), is usually observed 

at the level of RGCs, and occurs in many species including rabbit (6), turtle (7), chick (8), 

primate (9), mice (10), and ferret (1). In mice, from E16 to P0, non-synaptic mechanisms 

(gap-junction coupling between RGCs) predominate. Around P0 cholinergic cells take over 

the task of driving retinal waves, and this period lasts until P11. From P11 to P14 

glutamatergic-driven activity takes over. Intriguingly, each stage of circuit maturation appears 

to be causally linked to the end of the previous stage (11, 12). For example, preventing the 

onset of glutamatergic waves by deletion of VGlut1 extends the period of cholinergic activity 

from P11 to P14 (13). Similarly, deletion of nicotinic receptor subunits required to propagate 

cholinergic activity (alpha-3 and beta-2) leads to an extension of the period of non-synaptic 

activity (4, 14, 15). 

Cholinergic circuitry 

One of the earliest neural circuits to develop in the retina is the cholinergic circuit. 

Acetylcholine (ACh) was the first neurotransmitter discovered. Its functions both inside and 

outside of the nervous system are well-described and include classic neurotransmission at the 

neuromuscular junction, differentiation and cell cycle control, and regulation of immune 

function. ACh acts on one of two distinct subgroups of receptors - the nicotinic acetylcholine 
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receptors (nAChRs) or the muscarinic acetylcholine receptors (mAChRs). nAChRs are ligand-

gated ion channels, but mAChRs are G-protein coupled receptors (GPCRs). Cholinergic 

neurons are responsible for the previously described retinal correlated activity from P0 to P11, 

and contribute to the establishment of neural circuits that utilize other (non-acetylcholine) 

neurotransmitters. Acetylcholine (Ach) in the retina is particularly interesting because of the 

seven neuronal types and dozens of subtypes (16) of each neural type in the retina, only one 

subtype of amacrine cells - the starburst amacrine cell (SAC) - expresses the enzymatic 

machinery necessary to produce Ach (17). SACs are extensively studied in both anatomical 

and physiological detail (18–20). SACs are distributed in two layers of the retina - the OFF 

subtype has its cell bodies in the INL and the ON subtype has its cell bodies in the GCL. In 

adult animals, SACs are an integral part of the direction-selective computation circuit (21) and 

Ach modulates the activity of ganglion cells (22–24). Importantly, during the phase of 

correlate cholinergic activity from P0 to P11 SACs and RGCs express functional nAChRs that 

respond to SAC-derived ACh (25), but in adults only non-SAC cells express a mix of 

mAChRs and nAChRs and SACs are no longer responsive to ACh or nicotinic agonists. 

During development, nAChR subunit transcripts have been detected widely distributed in the 

retina, and mitotic precursor cells have mAChR-dependent calcium responses (26, 27). 

SACs initiate cholinergic activity by having regular spontaneous depolarizations (28). 

A retinal wave then spreads through the cholinergic network at both the level of SACs and 

level of RGCs. Propagation of the wave is dependent on alpha-3 and beta-2 but not alpha-7 

nAChRs (29). It is thought that volume transmission of acetylcholine plays an important role 

in the propagation of waves. This is the concept that ACh may be released at nonfunctional or 

functional synapses and may diffuse away from the site of the synapse and exert action at a 

receptor distant from the initial synapse. Waves are a potential example of volume 

transmission, because activity in cells distant from the canonical cholinergic synapses has 
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been observed to correlate with classical cholinergic activity. Examples include alignment of 

RGC dendritic arbors (30), slow electrophysiologic responses of connected SACs revealed 

during paired recordings (25), the lack of ultrastructural evidence for functional synapses 

during the early period of cholinergic waves (31), and calcium waves in the ventricular zone 

that synchronize with local wave activity (32). ACh spillover from cholinergic synapses can 

also initiate mAChR-dependent calcium elevations in glial cells (33). After the period of 

cholinergic waves, SACs become insensitive to nicotine (22) and retinal expression of 

acetylcholinesterase increases (34). 

Functions of early cholinergic retinal activity 

Cholinergic waves are occurring during a developmental window in the retina when 

many changes are happening, and thus have the potential to influence or be involved in these 

processes. Three major functions of early cholinergic retinal activity have been described. One 

is the refinement of retinal projections back to the LGN and SC. Early in development retinal 

projections to these brain relay regions from both eyes overlap. During maturation the 

projections from the two eyes retract from each other and come to occupy mostly non-

overlapping anatomical territory. This is referred to as ‘eye-specific segregation’, and retinal 

waves play an important role in shaping the phenomenon by providing clues as to which 

projections may be arising from the same eye (due to their propensity to have action potentials 

in close temporal proximity during periods of correlated activity) (35–37). Another function is 

the refinement of intraretinal connections. The IPL is forming from P0 to P10 in mice, and the 

IPL contains all the dendrites and synapses between amacrine and bipolar cells and RGCs. 

Part of this formation is lamination. Although the IPL appears to be a mess of neuronal 

processes, the processes from different neuronal subtypes are placed at characteristic locations 

within the IPL. In particular, ON-pathway (cells which increase their activity in response to 

light increments) and OFF-pathway (cells which increase their activity in response to light 
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decrements) stratify in distinct bands with the IPL. The final stratification is the result of a 

stepwise process that includes an initial overgrowth of RGC dendrites followed by a pruning 

back to allow ON- and OFF-RGCs to remain only in the appropriate layer (reviewed in (38)). 

Circumstantial evidence suggests that SAC activity may direct IPL stratification. SACs do not 

overgrow their processes past the intended IPL sublayer (39) and RGCs specifically target the 

layers of pre-existing SAC processes (40). Pharmacological blockade of the nAChRs reduces 

RGC dendritic motility (41) and prevents dendritic outgrowth (42). Another function of 

cholinergic waves is the refinement of retinotopy in the LGN in rodents (43), but not in ferrets. 

Retinal angiogenesis 

Anatomical formation 

Mouse retina is commonly used as a model system for both pathological and 

developmental angiogenesis (44–46) in the context of the central nervous system (CNS). 

Partly practical, because mice are born with an undeveloped retinal vasculature that rapidly 

develops to maturity in the first two postnatal weeks (47). Full maturation of the vascular 

circuit requires regression of the hyaloid vasculature, vessels that connect the inner retinal 

blood supply to the lens during development (48). Inner retinal vasculature matures along a 

well-stereotyped trajectory in C57/BL6 mice and other strains, but C57/BL6 are the most 

well-studied (44, 49). Endothelial cells invade the retina from the optic nerve head (ONH) and 

spread out peripherally by a combination of proliferation and migration. From P0 until 

roughly P8, these endothelial cells are confined to the ganglion cell layer (GCL) and nerve 

fiber layer (NFL), forming what is also known as the superficial vascular plexus or superficial 

layer, which contains a dense capillary network alongside well-specified vein and artery 

branches. Beginning around P7 and ending around P13, endothelial cells begin diving deeper 

into the retina, turning away from the superficial plexus and sprouting until they reach the 

proximal border of the inner nuclear layer (INL), forming another capillary plexus known as 
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the deep layer. Sprouting of the deep layer also occurs radially from the ONH outward. The 

final capillary plexus to form is at the distal border of the INL - the intermediate or middle 

layer - from P12 to P15. In contrast to the superficial and deep plexuses, the middle layer 

appears to sprout off the penetrating vessels that connect the superficial and deep layers, as 

opposed to a new set of sprouts coming from either the superficial or the deep layer. 

Development of the middle layer does not proceed radially, but rather at all points in the retina 

all at once. Further refinement of the vascular network occurs until around P21, when the 

network is considered to be in its fully mature form (50). 

Molecular signaling in angiogenesis – Wnt  

Wnt signaling has been demonstrated to be involved at multiple steps in retinal 

angiogenesis, including Wnt7b and its receptor Fzd5 being required for regression of the 

hyaloid vessels (51, 52). Wnt-dependent angiogenesis uniquely differentiates CNS 

angiogenesis from angiogenesis in other organ systems (53, 54). Other Wnt signaling 

components - Fzd4, Lrp5/6, Tspan12, and Norrin, have been shown to be required for normal 

intraretinal vascular development (55–57). Norrin is secreted by Muller glia and activates 

canonical Wnt signaling cell autonomously by binding to Fzd4 on endothelial cells (57). 

Human retinal vascular abnormalities observed in Norrie disease (ND) and familial exudative 

vitreoretinopathy (FEVR) mimic the defects seen in mouse model Wnt-pathway knockouts 

(56, 58–64). Wnt ligands and receptors are comprised of a large family of proteins, and they 

show different expression patterns and specificities for different regions of the CNS, also 

varying by developmental stage (53, 65). Norrin is not only important for retinal angiogenesis, 

but also inner ear angiogenesis and placental angiogenesis (66, 67). 

Molecular signaling in angiogenesis – VEGF 

Vascular endothelial growth factor (VEGF) is one of the most important and well-

characterized signaling molecules in angiogenesis, both physiological and pathological. VEGF 
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expression is normally localized to NFL astrocytes just past the leading edge of vessel 

development during superficial layer formation, and to presumptive Muller glia cell bodies in 

the INL closely preceding deep layer formation(68). The gradient of VEGF created by this 

expression pattern has been shown to be a vascular guidance cue for filopodia extending from 

endothelial tip cells (69). No reports have described the expression pattern of VEGF that 

correlates with middle layer development. By regulating the oxygen content of the housing 

environment of animals, VEGF expression has been shown to be regulated by hypoxia. It is 

presumed that physiologic relative hypoxia during development is driven by neural activity, 

but this has never been demonstrated experimentally. Multiple VEGF isoforms have been 

shown to have different effects on vascular development, including a role in normal 

arteriovenous patterning (70).  

Molecular signaling in angiogenesis – Notch and other pathways 

Notch signaling, a pathway involved broadly in patterning and growth, regulates the 

sprouting behavior of endothelial tip cells through competitive antagonism between the Notch 

ligands Jagged1 and Dll4 (71, 72). Notch and VEGF signaling may interact by VEGF-

mediated inhibition of Dll4 (73). Gpr124, an orphan G-protein coupled receptor (GPCR) was 

shown to be required for normal CNS angiogenesis, and may interact with the transforming 

growth factor beta (TGF-B) pathway (74–76). DR6 and TROY, receptors that were found to 

be enriched in CNS vasculature, play a role in linking VEGF and Wnt signaling by both 

regulating VEGF-induced Jnk activation and themselves being activated by Wnt signaling 

(77). This may suggest that VEGF-induced angiogenesis is gated by Wnt signaling to ensure 

that barrier properties are turned on as soon as vasculature is present. 

Neurons and glia in angiogenesis 

Neurons have been shown to play a direct role in angiogenesis in various regions of 

the CNS and peripheral nervous system (PNS). There is a hypothesized link between neural 
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activity, relative hypoxia, VEGF production, and angiogenesis. In the PNS, it has been shown 

that VEGF-A and Cxcl12 produced by neurons regulate arterial differentiation and alignment 

of vessels to neurons in developing limb skin, respectively (78). Vascular morphology is 

dependent on the gradients of VEGF-A present in the extracellular environment (69, 79), and 

it has been shown in the retina that retinal ganglion cells expressing VEGF receptors are 

responsible for maintaining the appropriate amount and distribution of VEGF (80). 

Retinal metabolism 

Retinal energy demands 

The CNS consumes a disproportionate amount of energy in the body - 20% of total 

energy consumption but comprises only 2% of the body weight (81). The retina is thought to 

consume energy at an even higher amount of energy per unit weight than the brain (82, 83) 

and has an enormously high production of lactate (84, 85). Such a high energy consumption 

demands that energy substrates such as glucose and oxygen be constantly and efficiently 

delivered to the tissue, and waste products removed. Visual function is exquisitely sensitive to 

lack of oxygen. Retinal ischemia results in loss of vision in 4 to 9 seconds, far shorter than any 

other CNS function known to be sensitive to oxygen (83, 86). Neuroglobin, a CNS-specific 

oxygen-binding protein with higher affinity than hemoglobin or myoglobin, is 100 times more 

concentrated in the retina than the brain (87). The retinal vascular network, properties of 

which have already been described, is the main pathway by which these goals are 

accomplished. One reason for the high metabolic demand of the retina is the constant 

maintenance of ion gradients across the cells in preparation for phototransduction and neural 

transmission, which has been demonstrated by studies involving in vitro preparations of retina 

in the light and dark, both before and after mature visual circuits have formed (84, 88, 89). 

Retinal anatomy dictates that there are two different compartments of metabolic activity, 

which exist independently of activity in the other. Photoreceptors and Muller glial processes - 
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the so-called outer retina - receive oxygen from the choroidal circulation, while all other cells 

of the retina receive oxygen from the intraretinal vessel (90). Measurements of energy 

substrates and breakdown products into and out of the two different retinal circulations give 

some clue about the relative contributions of oxidative and glycolytic metabolism in the two 

compartments (91). The outer retina consumes more glucose and produces more lactate than 

the inner retina, although their overall oxygen consumption is similar (92), which suggests an 

anaerobic metabolic component not present in the inner retina. Meeting the energy demands of 

neurons is important, because neurons are known to be far more sensitive to hypoxia than glial 

cells (93).  

Crosstalk between metabolism, angiogenesis, and BRB formation 

How do the pathways that govern metabolism, angiogenesis, and barrier properties 

interact? One clue comes from recent studies on metabolic substrate utilization. Retinal 

neurons are obligate users of glucose (94), though they may also use Muller glia-derived 

lactate in vivo, and recently it was discovered that photoreceptors can use beta-oxidation of 

free fatty acids (FFAs) for energy (95). As previously described, the BRB tightly regulates the 

flux of molecules into the retina, including glucose. Therefore it is necessary to have glucose 

transporters (GLUTs) and lipoprotein receptors expressed at the BRB to supply enough 

substrate to the tissues. Glucose shuttling is accomplished by in the retina primarily by 

GLUT1 (96, 97), which is also expressed on the membrane of photoreceptors (98), Muller glia 

(96), and RGCs. GLUT3 has been found expressed in the dendritic retinal layers (99). 

Experimentally manipulating neural activity can alter the expression of GLUT1 at the BBB 

(Robert Pulido, unpublished observations), suggesting a connection between the metabolic 

requirements of neural activity and BBB function. 

Disruption of normal retinal metabolism can have downstream effects on angiogenesis 

and BRB function, demonstrating a linkage between these basic aspects of physiology. 
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Knockout of the Vldlr receptor prevents circulating FFAs from being used for energy by 

photoreceptors, but Ffar1 responds to the increased levels of circulating FFAs by suppressing 

GLUT1 expression, leading to an Hif1-alpha (Hif1a) stabilization, over-production of VEGF, 

and consequent pathological angiogenesis and BRB dysfunction (95). In this scenario, it is not 

hypoxia that drives VEGF but rather the lack of the metabolic substrate alpha-ketoglutarate 

(aKG), generated during the TCA cycle, that prevents Hif1a from being degraded (100). A 

deficit of either oxygen or aKG, which are both metabolic substrates, can lead to VEGF 

production. Hypoxia and hyperoxia models, which directly alter the ability of the retina to do 

oxidative metabolism, have well-described effects on angiogenesis and the BRB. Oxygen-

induced retinopathy (OIR) is a mouse model of the human disease retinopathy of prematurity 

(ROP). In OIR, P7 mice - where the superficial vascular layer is developed, but the deeper 

layers are not - are placed in a hyperoxic environment that leads to obliteration of the newly 

developed vessels and angiogenic arrest, presumably due to increased retinal PO2 and reduced 

physiologic hypoxic drive. On return to standard 20% oxygen room air a neovascular 

phenotype develops with preretinal buds vascular buds that leak and hemorrhage and, in ROP, 

retinal detachment and loss of vision can ensue. What is the contribution of metabolic supply 

flux to these phenotypes? This question is largely unaddressed, and it is commonly assumed 

that high oxygen PO2 alters the normal relative hypoxic drive that leads to Hif1a stabilization 

and VEGF production, and this explains the vaso-obliterative phase of the model. However, 

the only study of in vivo oxygen measurements in the OIR model failed to find a difference in 

PO2 in rats at the height of neovascularization (101). Whatever the underlying 

pathophysiology, it is clear that altering metabolic inputs into the retina can have dramatic 

consequences on angiogenesis and BRB function. 

Role of the present study 
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We recognized that the stages of layer-specific vascular formation are occurring 

contemporaneously with the progression of neural circuit maturation (Figure 2.1A). To further 

understand the relationship between this early neural activity and vascular function we 

examined the role of starburst amacrine cell activity in developmental angiogenesis during the 

period of cholinergic waves. We used multiple approaches to modulate SAC activity and 

measured the impact on vascular growth, BRB function, metabolism, and the molecular 

pathways associated with these phenotypes. 
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Results 
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Inhibition of SAC activity prevents deep layer formation 

We tested whether SAC activity was required for normal vascularization of the retina. 

Cholinergic retinal waves partially overlap in development with the formation of the 

superficial (P0 to P9) and deep (P7-P13) vascular plexuses. Layer-specific quantification of 

vessel growth can be achieved by confocal imaging. At P9, the the superficial layer 

completely covers the retinal surface and the deep layer extends from the optic nerve head to 

cover 30-50% of the retinal area, and can be visualized by color-coded depth projections of 

confocal volumes (Figure 2.2B). At P15 all 3 capillary layers are extensive at their respective 

depths in the retina, but the middle layer can be selectively imaged with confocal volumes 

(Figure 2.2C). Because the middle layer does not develop concentrically like the other layers, 

we quantified the vessel density in a ~2.5 mm2 patch halfway between the ONH and retinal 

edge. We took three approaches to the inhibition of neural activity: 1) pharmacologic 

inhibition by epibatidine (EPI), tetrodotoxin (TTX), and 2-amino-4-phosphonobutyric acid 

(APB); 2) targeted-toxin mediated depletion of SACs; and 3) expression of an engineered 

receptor in SACs capable of inhibiting SAC activity (ChatGi). EPI, but not TTX or APB, 

reduced deep layer coverage from 45.6% to 2.2% (p = 3.41x10-8) and had no effect on 

superficial layer formation (Figure 2.2). ChAT-SAP but not the untargeted toxin IgG-SAP 

reduced deep layer coverage from 43.8% to 2.4% (p = 1.6x10-10) and had no effect on 

superficial layer formation (Figure 2.2). No treatment affected the growth of the middle layer, 

measured at P15 (Figure 2.3). Taken together, this suggests that cholinergic activity from P3 

to P9 is required for deep-layer angiogenesis but is dispensable for superficial and middle 

layer formation (once the deep layer has formed). 
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Inhibition of SAC activity disrupts the BRB 
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We assessed the integrity of the BRB by NHS-biotin perfusion and quantification of 

extravascular NHS-biotin fluorescence. SAC activity was inhibited using the same 3 

techniques previously described, either from P3 to P9 or from P11 to P15. EPI, but not TTX or 

APB, led to increased extravascular NHS-biotin fluorescence from 2.1 arbitrary units (AU) to 

17.2 AU (p = 3.58x10-10). ChAT-SAP, but not IgG-SAP, led to increased NHS-biotin 

fluorescence from 1.5 AU to 11.8 AU (p = 0.005). 
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To distinguish BRB dysfunction from frank hemorrhage we looked for the presence of 

extravascular red blood cells (RBCs) after EPI injection by Ter119 immunofluorescence 

staining. We never observed an extravascular RBC in any condition, but we did find an 

increase in the number of intravascular RBCs from 0.4 RBCs/field to 4.6 RBCs/field (p = 

3.73x10-4) after transcardial perfusion (Figure 2.5). 
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Cldn5 is known to regulate BRB permeability to small molecules like NHS-biotin, so 

we examined Cldn5 expression by immunofluorescence after EPI injection. We found that 

although most retinal vessels still expressed Cldn5, some evidence of altered Cldn5 expression 

was apparent. We observed two alterations: 1) breaks in continuous Cldn5 expression along a 

single junctional line, and 2) loss of Cldn5 expression along short vessel segments (Figure 2.6). 

The number of Cldn5 gaps increased from 1.5 gaps/mm vessel in PBS injected eyes to 5.6 

gaps/mm vessel in EPI injected eyes (p = 0.0019). The amount of Cldn5- vasculature 

increased from 0.2 mm vessel/mm2 retina in PBS injected eyes to 1.9 mm vessel/mm2 retina (p 

= 9.3x10-4) after EPI injection. 
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Taken together, this suggests that cholinergic activity from P3 to P9 is required for proper 

BRB function, patency of the vasculature, and Cldn5 expression. 

Cholinergic activity regulates VEGF, Wnt signaling, and metabolism 

VEGF is an important regulator of developmental angiogenesis in the retina, and 

norrin is the retina-specific Wnt ligand required for BRB function. We assessed whether EPI 

injection decreased the expression of VEGF and norrin by western blot and found a 3.2-fold 

reduction (p = 0.039) in VEGF and a 6.6-fold reduction (p = 0.023) in norrin (Figure 2.7). 
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To determine whether the decrease in VEGF and norrin expression were causative in 

the angiogenic and barrier defects we previously observed, we performed rescue experiments. 

For VEGF rescue, recombinant VEGF protein was co-injected intravitreally with EPI. For 

Wnt-pathway rescue, we expressed a stabilized form of beta-catenin (BGOF) in endothelial 

cells under the control of the VE-cadherin CreERT2 promoter (VECre+;BGOF). We also used 

i.p. injections of lithium chloride (LiCl) to stabilize beta-catenin activity - LiCl has been 

shown to stimulate beta-catenin signaling in retinal endothelial cells (102–104) and restore 

vascular function under some disease conditions (105). VEGF, but not BGOF or LiCl restored 

some EPI-inhibited deep layer angiogenesis, from 1.3% to 20.7% retinal coverage (p = 0.039, 

Figure 2.8). BGOF and LiCl, but not VEGF, reduced EPI-induced extravascular leakage of 

NHS-biotin from 14.4 AU (EPI) to 4.9 AU (PBS, p = 0.0021) in Cre- animals to 4.2 AU (EPI) 

to 2.9 AU (PBS, p = 0.116) in Cre+ animals (Figure 2.9), and from 12.7 AU (VEH/EPI) to 2.8 

AU (LiCl/EPI, p = 0.00134). 
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We measured the oxygen consumption rate (OCR) of whole retinal punches isolated 

from P9 ChatGi mice. Addition of clozapine-N-oxide (CNO) to the incubation medium led to 

a 31% (0.93 to 0.64 baselined OCR units) decrease in OCR in ChatGi (ChatCre/+;Rosa lsl 

hM4Di/+) mice compared to ChatCre (ChatCre/+;Rosa +/+) controls (Figure 2.10A). 

Mitochondrial function in the same preparation was assessed by successive addition of 2 µM 

oligomycin, 1 µM FCCP, and 2 µM rotenone/antimycin A to the incubation medium and 

calculated from the raw OCR readings. We found that ATP production was decreased from 

78.36 pmol/min to 39.68 pmol/min (p = 0.024) in ChatGi compared to ChatCre after addition 

of CNO, a consequence of the reduction in OCR observed because ATP production is the 

difference between the last basal period reading and the minimum reading after addition of 

oligomycin (Figure 2.10B). 
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Taken together, these results show that cholinergic retinal activity modulates 

angiogenesis and barrier function by regulating the production of VEGF and norrin, 

respectively, and that inhibition of SAC activity decreases metabolic demand. 

Cholinergic blockade improves vascularization and reduces retinal hemorrhage after OIR 

We wanted to ask whether cholinergic activity is an important regulator of 

pathological angiogenesis as well as physiological angiogenesis. The oxygen-induced 

retinopathy model previously described, is a reproducible way to cause pathological 

neovascularization in mouse pups. Mice are housed in a hyperoxic (75% O2) chamber from P7 

to P12, during which time pre-establish vessels deteriorate. From P12 to P17 abnormal 

neovessels grow in, and then from P17 to P25 the abnormal vessels regress and the retina 

revascularizes. To examine the effect on neovascularization, we injected EPI or PBS 

intravitreally at P13 and P15 and examined the vasculature at the height of neovascularization 

on P17. To examine the effect on revascularization, we injected EPI or PBS intravitreally at 

P21 and P23 and examined the vasculature at the height of neovascularization on P25. We did 

not examine BRB function by NHS-biotin perfusion because it is impossible to separate 

hemorrhage from BRB leakage in this model. 

 

We found that EPI compared to PBS decreased the area of vaso-obliteration observed 

at P17. Additionally, the number of pre-retinal neovascular buds and the average size of buds 

was reduced. We were able to observe retinal hemorrhages by brightfield imaging, and found 

that the area of retinal hemorrhage was decreased after EPI injection. EPI did not prevent 

revascularization from P21 to P25. Despite the fact that vessels grow into the retina during this 

period, the resulting vascular network is highly abnormal, and the processes that regulate 

revascularization are likely different from those mediating normal physiologic angiogenesis. 
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Conclusions and Discussion 
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The studies detailed in this chapter demonstrate a previously unappreciated link 

between neural circuit-specific activity and region-specific angiogenesis in the CNS. We 

showed, using several different methods of manipulating retinal activity, that cholinergic 

neural activity is required for appropriate vascularization of the deep capillary plexus of the 

retina and for proper formation of the BRB. We showed that the signaling pathways affected 

by activity blockade go through VEGF and norrin, and that the cholinergic circuit contributes 

to a substantial proportion of overall retinal metabolic demand during development. Finally, 

we showed that cholinergic activity may be important in pathological angiogenesis. In OIR, 

cholinergic blockade reduced abnormal neovascular buds, improved re-vascularization of the 

retina, and reduced intraretinal hemorrhage. 

Our first set of experiments tested the hypothesis that neural activity drives normal 

angiogenesis in the developing retina. A crucial observation underlying this hypothesis is 

shown in Figure 1.1A. As far as we know, no one has previously recognized that neural circuit 

maturation and circuit-specific activity in the retina coincides developmentally with layer-

specific angiogenesis. We decided to test the effect of cholinergic activity on the development 

of the retinal vasculature because there are well-described methods for manipulating the 

activity of the cells involved in the cholinergic circuit using pharmacology (106). We used 

intravitreal injections of epibatidine (EPI) during development to inhibit cholinergic activity 

and found that, when administered during the period of cholinergic-dominant activity, EPI 

completely prevented formation of the deep vascular plexus. When EPI was injected during 

the period of glutamatergic activity, there was no effect on the developing middle vascular 

plexus. In contrast, TTX and APB had no effect on vascular development at any time point. 

The different effects of TTX and EPI warrant discussion, since both affect cells in the 

cholinergic circuitry, but in our system had very different effects on the retinal vasculature. 

From P3 to P9 SACs make synapses onto other SACs and onto RGCs. These synapses are 

https://paperpile.com/c/2byQLK/ZIVS
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cholinergic - acetylcholine released by SACs stimulates nicotinic cholinergic receptors on 

both RGCs and other SACs. SACs themselves can fire action potentials at this stage of 

development but, importantly, these action potentials are not blocked by TTX (107, 108). TTX 

blocks action potentials in RGCs during development and maturity. EPI, which blocks 

transmission from SACs to RGCs, does not completely silence activity in RGCs (107). So the 

activity required to drive angiogenesis is not RGC action potentials, it is SAC activity. We 

also ablated SACs using a target-toxin approach previously described to inhibit developmental 

cholinergic activity (109) and found the same deficits in normal angiogenesis. 

Our second set of experiments tested the hypothesis that neural activity supports 

normal function of the BRB. Using the same approaches to manipulating activity previously 

described, we measured the function of the BRB by its ability to restrict diffusion of a small 

hydrophilic molecule, NHS-biotin, into the retinal parenchyma. We found a ~8-fold increase 

in permeability of the barrier to NHS-biotin after EPI injection. This effect was restricted to 

EPI injections from P3 to P9; it was not observed at later time points and TTX and APB had 

no effect at any time point. Although impermeability to small hydrophilic molecules is not the 

sole function of the BRB, it is a well-described property of CNS endothelial cell function. It is 

known that Cldn5, a tight junction protein, is part of the intercellular barrier system that 

prevents diffusion of small molecules between endothelial cells. We found alterations in 

Cldn5 expression after EPI injection. We observed gaps in continuous Cldn5 expression along 

a single junction, which are almost never observed in normal retinal vasculature. We also 

observed segments of vessels that had completely lost expression of Cldn5. 

Our third set of experiments tested the hypothesis that neural activity regulates VEGF 

and norrin expression, and that defects in these signaling pathways account for the effects on 

angiogenesis and barrier function we observed. The motivation to test VEGF and norrin can 

best be described separately. VEGF is known to be an important regulator of angiogenesis in 

https://paperpile.com/c/2byQLK/0LnZ+cLPJ
https://paperpile.com/c/2byQLK/0LnZ
https://paperpile.com/c/2byQLK/khTS
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the retina and other organs, and high levels of VEGF alone are sufficient to drive pathological 

angiogenesis, as the experience of anti-VEGF therapy in the setting of wet AMD and diabetic 

macular edema demonstrate. Since we had observed that inhibition of cholinergic activity 

decreases angiogenesis, we wanted to test whether VEGF was decreased in this setting. Norrin 

is the Wnt ligand in the retina that is secreted by Muller glia and acts on an endothelial cell 

receptor complex to stabilize beta-catenin and turn on barrier properties cell-autonomously. 

Norrin knockout causes a phenotype very similar to what we observed after cholinergic 

blockade - failure of the deep layer to vascularize and increased BRB permeability. There are 

important differences between norrin knockout and cholinergic blockade, which include the 

observation that in norrin knockout abnormal clusters of endothelial cells partially invade the 

retina and norrin KO retinas have intraretinal hemorrhages. After SAC activity blockade, in 

contrast, we did not observe any intraretinal hemorrhage and also no penetrating intraretinal 

vessels; all vessels were confined to the superficial layer on the vascular surface. The 

difference may be explained by the fact that in norrin KO, VEGF is actually increased (110) 

and as previously mentioned, high VEGF alone may be enough to cause leaky hemorrhagic 

neovessels. Whether upstream regulatory events control the expression of norrin is not known. 

We assayed VEGF and norrin levels after activity blockade and found them both to be 

decreased. We sought to determine whether the decrease in VEGF and norrin was a cause of 

either the decreased angiogenesis or decreased barrier function. To replace VEGF we injected 

recombinant VEGF intravitreally. To mimic norrin function we both expressed a stabilized 

form of beta-catenin in endothelial cells and injected lithium chloride systemically, which has 

also been shown to stabilize beta-catenin in retinal blood vessels. Intravitreal VEGF co-

administered with EPI led to a significant increase in deep layer vascularization, but neither 

BGOF nor LiCl had any effect on vascular growth. Intravitreal VEGF had no effect on EPI-

https://paperpile.com/c/2byQLK/NYSm
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induced barrier permeability, but the increased permeability was blocked by both methods of 

restoring beta-catenin function. 

Although not much is known about the regulation of norrin, the regulation of VEGF is 

well-described. Relative tissue hypoxia leads to stabilization of hypoxia-inducible factor 1 

alpha (Hif1a), which is normally degraded, and Hif1a is a transcription factor that induces 

transcription of hypoxia-related genes, including VEGF (111). Normally this leads to 

increased vascularization to relieve the hypoxia-driven production of VEGF. Thus, one 

important regulator of VEGF is oxygen availability. Neural activity is thought to drive 

metabolic demand, so we wanted to test the hypothesis that manipulating cholinergic activity 

has a disparate impact on overall tissue oxygen consumption. We measured the oxygen 

consumption rates (OCR) of isolated pieces of mouse retina with a lox-stop-lox inhibitory 

DREADD receptor in the Rosa locus and an IRES-Cre in knocked into the ChAT locus 

upstream of ChAT and found a ~35% decrease in OCR after inhibition of cholinergic activity, 

but not after TTX. Overall ATP production was decreased. The ability of the activity of 

cholinergic circuitry to drive such a substantial proportion of total tissue oxygen consumption 

was not previously appreciated. Computational modeling has shown that neurons with highly 

branched dendrites are likely to have a higher metabolic demand than other neurons, and 

SACs have a uniquely high dendritic coverage in the retina. Most retinal cell types have 1-5x 

dendritic coverage, meaning any given point in the retina is covered by the dendrites from 1-5 

individual cells of a given type, but SACs have been described to have up to 70x coverage. 

This would position them to control a substantial amount of retinal metabolic demand. 

Our fourth set of experiments sought to test the hypothesis that cholinergic activity 

may play an important role in pathological neovascularization in the retina. We used the OIR 

model because of its ability to reproducibly induce a neovascular phenotype in the retina. We 

found that EPI injected during the period of neovascularization substantially decreased the 

https://paperpile.com/c/2byQLK/vkMX
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amount of intraretinal hemorrhage and preretinal neovascular buds. What does this say about a 

potential cholinergic or neural activity component to neovascularization? There are two 

possibilities: 1) the activity of cholinergic cells is altered by the disease process and the 

cholinergic circuitry becomes active at times when it would normally be dormant; or 2) 

activation of cholinergic receptors comes from a non-SAC acetylcholine source. Since 

acetylcholine is present in the blood and OIR retinas have a significant amount of hemorrhage, 

it may be that blood acetylcholine spillover into the retinal parenchyma mediates or modulates 

pathological angiogenesis. In either case, it suggests that the typical description of the 

pathology in OIR, which is focused around tissue PO2, hypoxia signaling, and VEGF may not 

be a complete picture. 

There are several important extensions of this work that would contribute to a fuller 

understanding of these phenomena. 

Neural circuits and metabolism 

Our work has suggested that the activity neural circuits contributes differentially to 

tissue function across specific circuits and developmental timescales. Is this phenomenon 

specific to development in the retina or are different circuits responsible for other tissue 

functions in other parts of the CNS? What is the reason different neural circuits contribute 

differently to tissue function? It could be the anatomical organization of the cell types 

involved, the neurotransmitter systems involved, or some other aspect of neural activity not 

previously described. Further, does circuit-specific disruption of neural activity during disease 

contribute to the alterations in metabolism frequently observed during those diseases?  

Neural activity and the regulation of norrin production. 

We have addressed the reasons for a decrease in VEGF production after neural 

activity blockade, but an important limitation of this study is that we do not address the 

decrease in norrin production. Little is known about the pathways that regulate norrin 
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production in Muller glia. A recent study demonstrated that Muller glia sense acetylcholine 

spillover from SAC synapses during retinal waves and respond with calcium transients (33). 

Does this neurotransmitter sensing contribute to the production of norrin? Manipulating 

activity at the glial muscarinic receptor would give insight into this question, and is feasible 

with current technologies. 

Methods 

Animals 

Wild-type animals were C57/BL6 mice purchased from Envigo. Homozygous ChAT-

IRES-Cre knock-in mice (ChatCre) animals were purchased from The Jackson Laboratory 

(strain 006410). Heterozygous R26-LSL-Gi-DREADD (RGi/+) animals were purchased from 

The Jackson Laboratory (strain 026219). ChatCre homozygotes were crossed to RGi/+ 

animals, and littermate R+/+ animals were used as controls. All animal experiments were 

performed in accordance with national guidelines and UCSD IACUC guidelines. 

Experimental/surgical procedures were performed to minimize animal stress and the number 

of animals used. 

Inhibition of cholinergic activity 

Intravitreal injections were done at P3, P5, and P7 for experiments during the 

cholinergic period, or at P11 and P13 for experiments during the glutamatergic period. For the 

OIR model, injections were done at P13 and P15. In each case, the injection procedure was 

similar. Animals were anesthetized using isoflurane flowing through a rodent facemask. 

Isoflurane was 1-3%, flow 100 mL/min, and the procedure lasted approximately 20 minutes 

per animal. After reflex checks, a small cut was made through the eyelid and the lid pulled 

back to expose the eye. After P13 the eyes were typically open and the eyelids did not need to 

be cut open. Approximately 0.5 to 1.0 uL of solution was injected using pulled glass 

micropipettes attached to a picospritzer iii in P3 to P9 pups, 1.5 to 2.0 uL in P11 to P15 pups. 

https://paperpile.com/c/2byQLK/tfFC
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Typically 20-40ms duration pulses at 30 PSI were used, but this was adjusted as needed to 

inject the appropriate amount. The needle was left in the eye for 30 seconds after injection and 

withdrawn slowly to minimize leakage. The eyelid was sutured for P3 to P9 animals and 

covered with antibiotic ointment for animals at every age. One eye was injected with the 

experimental compound and the other eye was injected with a vehicle control. Drug 

concentrations and vehicles were epibatidine (Sigma E1145) 1 mM in PBS, APB (Sigma 

A1910) 1 mM in PBS, TTX (Tocris 1069) 1 mM in citrate buffer, Rabbit anti-ChAT-SAP 

(Advanced Targeting Systems IT-42) 0.12 mg/mL in PBS. The control for ChAT-SAP was an 

untargeted Rabbit anti-IgG-SAP (Advanced Targeting Systems IT-35) 0.12 mg/mL in PBS. 

CNO injections 

Clozapine-n-oxide was purchased from Tocris (4936) dissolved at 20 mM in sterile 

water, and stored in the dark at -20 degrees. Prior to injection, CNO was diluted in sterile 

saline and injected to a final concentration of 0.5 mg/kg. Two daily intraperitoneal injections 

were performed, spaced 12 hours apart. 

Retina collection for vascular analysis 

Pups were killed and the whole eyes were fixed in 4% PFA in 1x PBS at room 

temperature for 10 minutes, then transferred to 1x PBS on ice. The retinas were dissected out 

and fixed in methanol at -20 degrees overnight. 

Retina collection for barrier analysis 

Pups were deeply anesthetized using a ketamine/xylazine mixture and then 

sequentially transcardially perfused with ~10-15 mL of 0.25 mg/mL EZ-Link Sulfo-NHS-

Biotin in PBS and ~10-15 mL of 4% PFA in PBS. The whole eyes were fixed in 4% PFA in 

1x PBS at room temperature for 10 minutes, then transferred to 1x PBS on ice. The retinas 

were dissected out and post-fixed in 4% PFA for 45 minutes to 1 hour then washed in PBS 

and stored in PBS plus azide at 4 degrees in the dark. 
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Immunofluorescence 

Whole-mount fixed retinas were washed in PBS then blocked for 30 minutes in 0.2% 

BSA, 5% serum, and 0.3% Triton X-100, then incubated in primary antibody in blocking 

buffer overnight at 4 degrees with gentle rocking. Retinas were then washed in 0.3% Triton X-

100 three times, and incubated with secondary antibodies in 0.3% Triton X-100 for 2-4 hours 

at room temperature, protected from light with gentle rocking. They were then washed in 0.3% 

Triton X-100 twice, 1x PBS twice, and then mounted on slides with Prolong Gold Antifade 

Reagent. Primary antibodies used were rabbit anti-Cldn5 (Thermo Fisher Scientific 34-1600, 

1:500), goat anti-collagen 4 (SouthernBiotech 1340-08, 1:500), and rat anti-Ter119 (abcam 

ab91113,1:250). Secondary antibodies used were goat anti-rabbit Alexa Fluor 488 (Thermo 

Fisher Scientific A-11034, 1:1000), goat anti-rat donkey anti-goat Alexa Fluor 488 (Thermo 

Fisher Scientific A27012, 1:1000), donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher 

Scientific A-21206, 1:1000), goat anti-rabbit Alexa Fluor 594 (Thermo Fisher Scientific A-

11037, 1:1000), and donkey anti-goat Alexa Fluor 594 (Thermo Fisher Scientific A-11058, 

1:1000). BSL was biotinylated griffonia simplicifolia lectin I (Vector Laboratories B-1205, 

1:250). Streptavidin was streptavidin conjugated to Alexa Fluor 594 (Thermo Fisher Scientific 

S32357, 1:1000). 

Confocal and epifluorescence imaging 

Confocal imaging was done on a Zeiss LSM 710. A 20x/0.8 NA air objective was 

used. Images were acquired at 1 airy unit resolution with 4x undersampling of pixels in X-Y 

and 2x undersampling in Z. Excitation lasers were 488 nm (for Alexa Fluor 488 and FITC), 

561 nm (for Alexa Fluor 594), and 633 nm (for Alexa Fluor 647). Emissions were collected as 

separate tracks over wavelength bands exclusive with other mutually excited fluorophores. 

Epifluorescence images were collected on an Axio Imager D2 (Carl Zeiss) with a 5x Fluor, 

0.25 NA or 20x Plan-Apochromat, 0.8 NA objective, using a digital camera (Axiocam HRm, 
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Carl Zeiss). AxioVision software was used to acquire images; Fiji (ImageJ) and Inkscape were 

used for image processing and analysis. 

Vascular image analysis 

Confocal volumes were stitched using Zeiss’ Zen software using a strictness of 0.9. 

Because the stacks were often not completely flat, they were then rotated in ImageJ using the 

TransformJ plugin so the superficial layer vasculature was in the same plane across every 

stack in the image. The image was then depth-coded in ImageJ by coloring the stacks 

according to Z-position along a blue-green-red axis. Retinal area was quantified in ImageJ by 

manually selecting the extent of the flat mount. Coverage of a vascular layer was quantified by 

manually selecting the area of the retina covered by that layer and then dividing by the whole 

retinal area. For analyzing the middle layer, a ~425 um x 425 um z-stack was taken ~500 um 

away from the center of the retina. Vessels were traced by hand, skeletonized in ImageJ using 

the Skeletonize plugin, and analyzed for length and branch points using the same plugin. 

BRB image analysis 

Epifluorescence images were acquired by focusing on the superficial layer vasculature. 

The whole retina was imaged then stitched together using the MosaicJ plugin in ImageJ or the 

Zen Software package. Intravascular regions were defined by BSL staining, and used to create 

a mask of the NHS-biotin image. The masked NHS-biotin image represents extravascular 

NHS-biotin accumulation. The extent of the retina was defined and the average extravascular 

NHS-biotin intensity per pixel was divided by the background (non-retinal) intensity per pixel 

to yield the extravascular NHS-biotin in arbitrary units (AU). 

Angiogenesis and barrier rescue experiments 

Epibatidine was injected to inhibit cholinergic activity from P3 to P9 as previously 

described. In wild-type animals EPI was injected into both eyes. For VEGF rescue, 

recombinant human VEGF-165 (R&D Systems, 293-VE-010) dissolved in PBS was co-
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injected with EPI in one eye at 38 ug/mL. Total injection volume was the same for both eyes. 

In transgenic BGOF animals, EPI was injected as previously described with PBS as control. 

At P7 20 uL of 2 mg/mL tamoxifen (Sigma T5648) dissolved in corn oil was injected 

intraperitoneally. For lithium chloride (LiCl) rescue, LiCl (Sigma L7026, 30 mg/kg) or saline 

was injected intraperitoneally once per day at P7, P8, and P9. 

Measurement of oxygen consumption rate 

OCR was measured on a Seahorse XFe96 Flux Analyzer. 1 mm punches from isolated 

retinas were placed in the bottom of Seahorse XFe96 spheroid plates. Dissections and 

incubations were done in DMEM 5030 supplemented to 20 mM glucose, 10 mM HEPES, 2 

mM glutamine, and 5 mM pyruvate. 

Oxygen-induced retinopathy 

At P7 a litter of mice (pups and mom) were introduced in a sealed Biospherix 

chamber linked to an oxygen line. The O2 is brought up to 75%. Mice were observed daily 

without opening the chamber. At P12, 5 days later, mice were removed from the chamber and 

placed back in a normoxic environment. 

Western blots 

Eyes from mice were removed after CO2 euthanasia and flash frozen with liquid 

nitrogen and stored in -80°C. After defrosting, the retinas were dissected and homogenized by 

sonication in 90 uL of cold ddH20 with cOmplete Protease Inhibitor cocktail (CO-RO 

ROCHE) and 10 uL 10x RIPA Lysis Buffer (20-188 EMD MILLIPORE). Samples were 

centrifuged at 10,000 x g for 10 minutes at 4°C, and the supernatants collected. Total protein 

concentration was determined using a BCA assay (Pierce BCA Protein Assay Kit 23225). 30-

40g of protein was loaded on a 4-20% Tris-Glycine Gel (Thermo Fisher Scientific XP04202) 

and transferred to an activated 0.2 um PVDF membrane for immunoblotting. The membranes 

were saturated with TBS 1x, 0.05% Tween-20, and 5% nonfat dry milk for 1 hour at room 
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temperature, then incubated overnight at 4°C with mouse anti-norrin (1:300, R&D Systems 

MAB3014), mouse anti-VEGF C-1(1:300, Santa Cruz Biotechnology sc-7269), or rabbit anti-

GAPDH (1:2000, Cell Signaling Technology #2118). All membranes were washed with TBS-

Tween between incubations. The membranes were then saturated with peroxidase-conjugated 

goat anti-mouse or anti-rabbit (1:3000, Abcam, ab6789 and ab6721) secondary antibodies for 

3 hours at room temperature, and revealed with SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Fisher Scientific 34080) and imaged with myECL Imager (Thermo Fisher 

Scientific). Stripping to ensure equal loading was done with ReBlot Plus Strong Antibody 

Stripping Solution (EMD Millipore 2504). All quantifications were done with ImageJ 

densitometry analysis.  
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Abstract 

Blood vessels in the central nervous system (CNS) develop unique features not found 

elsewhere in the vascular system. These properties contribute to the homeostatic environment 

of neurons, and are known to be disrupted in human pathology and animal disease models. 

Neurodegenerative conditions in particular are associated with dysfunction in cells of the 

neurovascular unit. In the retina, the neurodegenerative disease glaucoma is not known to have 

associated vascular pathology, but whether it does remains largely unaddressed. Here we 

report that in mice after optic nerve crush - a model of ganglion cell degeneration - the retinal 

vasculature is not remodeled and no barrier leakage occurs. However, purified endothelial 

cells and microglia show alterations in gene expression by RNA-sequencing.  Pathway 

analysis revealed upregulation of immune related pathways 5 days after crush and 

dysregulated neurotransmitter receptor expression 14 days after crush. We attempted to 

localize changes in specific proteins by immunostaining and surprisingly found that some 

differentially expressed genes in our data set were strongly expressed in non-microvascular 

cells. This raises the question of whether RNA is transferred to microvascular cells during 

normal or disease processes, and what the functional significance of this is. This work 

suggests that even neurodegenerative conditions without frank vascular pathology can have 

gene expression changes in microvascular cells. 

Introduction 

CNS vasculature response to injury 

CNS vasculature reacts to injury in a variety of human diseases and animal disease 

models. This response has been primarily studied in two contexts: blood-brain barrier (BBB) 
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breakdown and recruitment of inflammatory cells. The common denominator of these 

pathologies is changes in the function of CNS endothelial cells. 

BBB permeability to circulating molecules 

Neurodegenerative diseases have been convincingly shown to include a component of 

BBB breakdown. The list of diseases that have this phenotype includes Alzheimer’s disease, 

multiple sclerosis, stroke, epilepsy, Parkinson’s disease, HIV associated neurodegeneration, 

and trauma. In the retina, AMD, diabetic retinopathy, retinopathy of prematurity, and ischemia 

all are associated with BRB breakdown. These conditions are frequently visualized by 

oedematous swelling on MRI in the brain, or fluorescein leakage in the retina. Both modalities 

rely on the permeability of the barrier to small hydrophilic molecules, so that is the most well 

described pathological change. 

In addition to classic neurodegenerative diseases having a BBB breakdown 

component, other conditions are now known to have this association. Aging has been 

suggested to have associated increases in BBB permeability as have (159–161) ischemia-

reperfusion (162), chronic hypoperfusion (163), hypertension (164), and hyperglycemia (165–

167). 

What changes happen at the BBB to mediate these effects? There is almost certainly 

some core element of BBB dysfunction across diseases, as well as changes that are specific to 

each pathology. In AD models, accumulation of amyloid-beta plaques can cause decreased 

Zo-1 and occludin expression (168, 169) and increase the rate of autophagy (170), possibly 

impairing endothelial cell turnover. Decreased expression of junctional proteins corresponds 

to the small molecule leakage observable in clinical practice. ApoE, an important protein in 

amyloid clearance, may also control MMP-9 activity in pericytes, which can pathologically 

break down the BBB (171). In MS, Zo-1 localization is disrupted (172), and tight junction 

https://paperpile.com/c/W7M7f8/JyNXN+QYArt+kjyOq
https://paperpile.com/c/W7M7f8/clHVv
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https://paperpile.com/c/W7M7f8/uJWb6+fKrlR+j1t6o
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defects are believed to contribute to the pathogenesis of the disease (173, 174). In ALS models, 

Zo-1, occludin, and Cldn5 are decreased (175). 

Recruitment of inflammatory cells 

Normally, the movement of circulating immune cells into the CNS parenchyma is 

tightly restricted. CNS vasculature expresses very low levels of leukocyte adhesion molecules 

and other receptors necessary to bring immune cells in. In disease, leukocyte trafficking 

becomes dysregulated and white blood cells come into the brain, creating and perpetuating 

inflammation. Tau fragments increase the level of leukocyte trafficking into the brain (176). In 

EAE, a model of MS, inflammatory cells accumulate near the lesions (172). Chemokines and 

receptors on endothelial cells are upregulated in MS (177). HIV infection upregulates CD40, 

ICAM-1, and VCAM-1 in CNS endothelium and exposure to HIV can change the expression 

of hundreds of endothelial cell proteins (178–180), partly through Stat1. 

Optic nerve crush 

Optic nerve crush (ONC) is a model of RGC degeneration sometimes used as a model 

for glaucoma, because it is relatively easy to perform compared to other glaucoma models. 

The optic nerve is exposed with a small cut in the conjunctiva, the optic nerve exposed, and 

then crushed, typically with a pair of forceps. The optic nerve is composed of the axons of 

RGCs that have exited the globe, so ONC creates RGC-specific injury without any intraocular 

interventions. Many publications on ONC have characterized the usefulness of this model in 

rats, mice, rabbits, goldfish, and zebrafish. In rodents, the population of RGCs shows a 

characteristic response to ONC with 20% cell death by 5 days and 80% cell death at two 

weeks(181, 182). A minority of RGCs escape death, and some will regrow their axons past the 

crush site(183). Rodent ONC is frequently used as a model to study neuronal 

regeneration(184–186).  
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Although there are other models of ganglion cell dysfunction that may more closely 

approximate the pathogenesis of glaucoma, ONC is a practically useful tool. Intraocular 

microbead or polymer injections, cannulation of the anterior chamber with a pressure 

reservoir, and manipulation of the scleral vessels have all been used to chronically increase 

intraocular pressure (IOP) and lead to ganglion cell degeneration(187–190). However these 

models are technically demanding, difficult to reproduce, only produce moderate ganglion cell 

loss, and may have heterogeneous effects on ganglion cells across the retina. The DBA2J 

mouse line is sometimes used as a glaucoma model because these mice get high IOP and have 

RGC degeneration(191), but the glaucoma is associated with inflammation and for the 

purposes of studying the BRB it is known that inflammation has an independent effect on 

endothelial cell function.  

Biomarkers for glaucoma 

Glaucoma is one of the leading causes of blindness in the developed world. Glaucoma 

is defined clinically as degeneration of the optic nerve with associated vision loss. Acute 

glaucoma is rapid RGC degeneration due to ischemia from very high pressures. RGCs also 

degenerate in chronic glaucoma; chronic glaucoma is sometimes associated with high IOP, but 

often is associated with normal pressures. The pathogenesis of glaucoma remains a subject of 

controversy. However, one of the most salient clinical features of glaucoma is that patients can 

lose up to 40% of their RGCS without noticing vision loss. Therefore many glaucoma patients 

present late in the disease state, after years of high IOP and ganglion cell loss. RGCs, like 

other neurons in the CNS, have a very low intrinsic regenerative capacity, so it is impossible 

to restore vision in these patients. Thus, the need for a biomarker to detect early signs of 

glaucoma so that intervention can preserve the existing RGCs, becomes apparent. There are 

several clinical biomarkers and signs used for the evaluation and detection of glaucoma, but 

they fail to meet the criteria for a very useful, early-stage biomarker. 

https://paperpile.com/c/W7M7f8/PMnpU+Zg2ls+g6NRW+NuuU6
https://paperpile.com/c/W7M7f8/VT0O0
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IOP 

IOP is a clinically relevant sign related to glaucoma but it is increasingly recognized 

that IOP itself is insufficient to explain the spectrum of glaucomatous patients presentations. It 

is clear that higher than normal IOPs can lead to RGC damage, dysfunction, and death over 

time. Many glaucoma patients present with normal IOP, and even patients presenting with 

IOP in the normal range may respond to IOP-lowering therapy, the current standard of care for 

glaucoma. In some cases, even lowering IOP to extremely low levels does not prevent the 

progression of glaucoma. These clinical data, combined with an understanding of RGC 

biology, has suggested that glaucoma is more a disease of RGC susceptibility to injury, than a 

disease caused by a specific type of insult. This interpretation, combined with emerging 

genome-wide association studies (GWAS) which have consistently failed to find high 

correlations between genetic polymorphisms and glaucoma risk, means that there may never 

be a good clinical sign indicating RGC injury. The underlying insult may come from a variety 

of sources. As a screening tool, IOP is sometimes able to identify patients at risk for 

development of glaucoma, but the specificity is low for a diagnosis that will require a patient 

to commit to lifelong, multiple times daily treatment. 

RGC imaging 

Although the original insult in glaucoma may be multifactorial, the converge on the 

common biological output of RGC dysfunction and death. The retina is approachable to many 

imaging modalities like optical coherence tomography (OCT), scanning-laser ophthalmoscopy 

(SLO), and fundus photography. These technologies, which are critical in the diagnosis and 

management of many other retinal disorders, have limited usefulness in glaucoma. One reason 

is that RGCs have proven refractory to classic imaging. RGCs are intrinsically low contrast, 

because the retina is organized such that incoming light must pass through the RGCs prior to 

being absorbed by photoreceptors. RGCs are low-contrast and refractive-matched so that light 
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passes through them without deforming the image. Imaging and counting RGCs would be a 

significant advancement in glaucoma detection. However, even being able to image RGCs 

directly may not yield an easily-appreciable biomarker. RGC density varies significantly 

across individuals, from eye to eye in a single individual, and across retinal eccentricity in a 

single eye. Additionally RGC density may decline with age. Further, imaging the death of 

RGCs is still not optimal because dead RGCs still can’t be regenerated. An ideal RGC-based 

imaging biomarker would be based on some type of functional imaging and able to identify 

dysfunctional ganglion cells prior to cell death. Several modalities have been proposed, 

including metabolic imaging (oxygen consumption), but the results have not yet shown the 

approach to be useful as a clinical biomarker. 

Vascular biomarkers 

A number of studies have focused on the role of blood vessels in glaucoma. The 

connection between the vasculature and glaucoma is most easily appreciated by first 

considering acute angle-closure glaucoma (AACG). In AACG IOP is typically > 21 mmHg, 

and the diagnosis is made by considering other aspects of the patient presentation. Pressure 

inside the globe opposes the pressure in the circulatory system - the blood pressure (BP) - to 

push blood through the central retinal artery and into the inner retinal circulation. Ocular 

perfusion pressure (OPP) can be defined as arterial BP minus IOP, and has been shown to be 

related to glaucoma incidence and prevalence (192). If the pressure inside the eye is high 

enough, blood flow into the eye will cease and retinal ischemia will happen. In fact, inducing 

very high IOP > 80 mmHg is a mainstay in animal models of retinal ischemia. There is 

evidence in humans that lowering IOP alters the distribution of blood flow in the retina (192, 

193). In primary open angle glaucoma (POAG), glaucoma without increased IOP, 24-hour IOP 

and systemic BP measurements showed that OPP in glaucoma patients is highly variable 

throughout the day, declining sharply overnight (194–196). Many studies have shown that OPP 

https://paperpile.com/c/W7M7f8/Ev3bN
https://paperpile.com/c/W7M7f8/Ev3bN+wtlJw
https://paperpile.com/c/W7M7f8/Ev3bN+wtlJw
https://paperpile.com/c/W7M7f8/QCLyB+wyvdR+ZiFLe
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is an independent risk factor for POAG (197–202). POAG is associated with other systemic 

vascular abnormalities that hint at a primary component of vascular dysfunction in the 

pathogenesis (203–205). Although functional measures of the vasculature have been correlated 

with glaucoma, no molecular characterization of the BRB has been performed, and it is known 

whether RGC dysfunction more broadly is associated with endothelial cell changes. 

Role of the present study 

We recognized that changes in retinal endothelial cells may reflect the health of RGCs 

and provide a leverage point for the discovery of clinical biomarkers. To determine whether 

retinal vessels change their transcription in response to RGC injury we isolated endothelial 

cells from the retinas of mice 5 days or 14 days after ONC and examined the transcriptome by 

RNA-sequencing. We determined differentially expressed genes, and attempted to localize 

differences in protein expression to endothelial cells after injury. 

Results 

ONC causes mild vascular remodeling and no BRB leakage 

We characterized two gross aspects of the vascular response to ONC. It has not 

previously been reported that ONC has an effect on the intraretinal vessels, but this was 

important to know for our subsequent studies. We tested two different hypotheses related to 

vascular function. The first hypothesis was that ONC would lead to anatomical remodeling of 

capillaries in the retinal vascular plexuses. We examined the layer-specific density of retinal 

blood vessels by confocal microscopy 14 days after ONC. There was a slight decrease in 

capillary density in the superficial vascular plexus from 41.0 mm/mm2 to 34.9 mm/mm2 (p = 

0.046), but differences in other layers were not significant (Figure 3.1A). We also examined 

the number of branch points per length of vessel, which can be indicative of vascular 

remodeling. We detected no change in the branching patterns of vessels in any vascular plexus 

(Figure 3.1B). 

https://paperpile.com/c/W7M7f8/8VxCc+z7R8z+tWWyK+1I55o+AACa2+y3YyN
https://paperpile.com/c/W7M7f8/VA64L+y5QBd+Br312
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The second hypothesis was that ONC would lead to increased BRB permeability. 

Many injuries to neural tissue result in BRB breakdown, but this has not been previously 

examined in the retina. Five days or 14 days after ONC we injected sodium fluorescein 

intraperitoneally in mice, let the fluorescein circulate, then collected the retinas and blood and 

extracted the soluble fraction to measure the amount of fluorescence in the retina (normalized 

to serum fluorescein concentration for each animal). We found that there was no change in the 

amount of fluorescein in the retina at any either point compared to the control retina (Figure 

3.1C). Taken together, these results suggest that there is not a dramatic effect of ONC on 

vascular integrity and BRB function. 
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Isolation of retinal endothelial cells by immunopanning 

To look for changes in retinal vessels after ONC we isolated endothelial cells, as these 

cells form the blood-facing component of the vasculature. We adapted a method for 

immunopanning endothelial cells from the brain previously described (206) for use in the 

retina. Briefly, anti-mouse CD45 and anti-mouse CD31 antibodies were immobilized on petri 

dishes. Retinas were enzymatically and mechanically dissociated to create a single-cell 

suspension, panned over the CD45 plate to remove microglia, then panned over the CD31 

plate to select for endothelial cells. Examples of phase contrast images from cells on the 

panning plates are shown (Figure 3.2A). The eyes from 8 to 12 mice were pooled together to 

create a single sample. 

We measured the purity of the endothelial cell preparations by immunostaining 

against Cldn5, a tight junction protein expressed only in RECs in the retina. We found that 

isolated cells came in a combination of clusters and single-cells (Figure 3.2B). Ninety-five 

percent of cells were Cldn5 positive. We also stained whole retina suspension for Cldn5 and 

found that less than 5% of the cells were Cldn5 positive, giving an estimate of how enriched 

https://paperpile.com/c/W7M7f8/5RhdC
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our preparation was for endothelial cells (Figure 3.2C).

 

Purity, differential expression, and pathway analysis of RNA-seq data 

We isolated total RNA from immunopanned and performed 2 x 150-bp sequencing 

after ribosomal RNA depletion. Reads were aligned to the Ensembl (mm9) transcriptome 



 

63 

 

using Bowtie2 and Tophat2, and differential expression was determined using DESeq2. A 

summary of the RNA sequencing data is shown in Table 3.1. 

 

 
Since our endothelial cell preparations were only 95% pure endothelial cells, we 

wanted to discover what other retinal cell types might account for the other 5%. We selected a 

panel of genes known to be specific for endothelial cells (Pecam1, Cldn5, Tjp1, Ocln), 

pericytes (Pdgfrb, Cspg4), neurons (Rbfox3, Pou4f1, Thy1), microglia (Cx3cr1, C1qa, Ccl4), 

and astrocytes/Muller glia (Gfap, Slc1a3, Aldh1l1) to determine what the contaminating cell 

type might be. We found a significant number of reads aligning to Cx3cr1, C1qa, and Ccl4, 

but none of the other cell types (Figure 3.3). This suggests that the major contaminant of our 

endothelial cell preparations was microglia. 
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Figure 3.4A shows the PCA plots for the samples at both timepoints. Although the 

samples did not cluster together well, we were still able to identify differentially expressed 

genes with confidence (Figure 3.4B, Table 3.2, Table 3.3). Applying a threshold of p < 0.05, 

there were 433 (388 up, 45 down) and 297 (104 up, 192 down) genes differentially expressed 

at 5 days and 14 days post-ONC, respectively (Table 3.2). Interestingly, 90% of differentially 
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expressed genes at 5 days were upregulated, compared to 24% at 14 days. Thirty-two genes 

were differentially expressed at both timepoints. 
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Pathway analysis using the KEGG 2016 pathway database (executed through Enrichr) 

revealed annotated pathways for the genes differentially expressed at both timepoints. At 5D 

most of the significant pathways were related to immune function. At 14D only one pathway, 

the neuroactive ligand-receptor interaction pathway, was found. From the list of genes 

differentially expressed at both 5 and 14D, the toll-like receptor signaling pathway was 

significant. Taken together, these results suggest that microvascular cells have transcriptomic 

changes in response to ONC. 

Immunostaining potential vascular biomarkers 

We wanted to determine whether the differentially expressed genes also had 

differences in the amount of protein product present. We use immunofluorescence staining 

with a panel of antibodies against the product of the differentially expressed genes. We used 

two different methods of tissue fixation: methanol (precipitation fix), and paraformaldehyde 

(PFA, cross-linking fix) since these fixation methods can lead to different staining patterns for 

the same antibody/target combination. We examined retinas in both flat-mounts and cross-

sections for qualitative differences in immunostaining. Many of the antibodies we used did not 

stain anything above background, or stained the tissue diffusely without any obvious 

differences between treatment groups. Some antibodies stained a subset of retinal cell types 

without showing clear differential staining. Some antibodies stained retinal cells differentially. 

We were able to identify the likely staining of different retinal cell types by morphology and 

location in the retina. We did not observe clear staining in endothelial cells, or differential 

staining in endothelial cells. 

Conclusions and Discussion 

The studies detailed in this chapter explore the response of the retinal vasculature to 

ONC. We showed that minor alterations in vascular patterning were induced in ONC, and that 

there was no increase in BRB permeability. We examined transcriptional changes in purified 
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endothelial cells and microglia and showed both that these cells respond to ONC, and that they 

respond differently at 5 days post-crush than at 14 days post-crush. By immunostaining, we 

found that many of the differentially expressed genes are highly expressed in cell types other 

than microglia and endothelial cells. 

Our first set of experiments tested the hypothesis that there were gross vascular 

abnormalities in the retina after ONC. Injury to CNS tissue is frequently associated with two 

reactive pathologies: angiogenesis and increased barrier permeability. We examined the 

vascular network using confocal imaging to find evidence of vascular remodeling. To this end, 

we measured the total vessel density in the 3 vascular plexuses 14 days after ONC, when RGC 

death is highest. We also analyzed the vascular network by counting the number of branch 

points (the intersection between two independent vessel segments). Branch points provide 

some information about the state of the network; during development there are periods of 

rapid proliferation with high numbers of branch points which then get pruned back. We found 

that capillary density in the superficial layer, which is the layer that runs through the ganglion 

cell and nerve fiber layer had slightly reduced vessel density. No other capillary layers had 

reduced vessel density, and none had an altered number of branch points. Degeneration of 

vessels in the superficial layer may be related to a lack of trophic support from neurons - 14 

days post-crush, only about 20% of RGCs remain. We analyzed the permeability of the BRB 

to the small molecule fluorescein and found that fluorescein uptake was not increased either 5 

or 14 days after ONC. Barrier permeability in the retina after ONC has not been studied 

previously. It is known that the BRB is leaky at the crush site in the ON for several weeks 

post-crush (207–209). Although in other parts of the CNS barrier disruption is considered a 

negative phenomenon that adds additional insult to the original injury, in the ON permeability 

is viewed differently. In the ONs of animals with high intrinsic axonal regenerative capacity 

like goldfish and frog the ON and the retina are far more leaky than in mammals like rats and 

https://paperpile.com/c/W7M7f8/sFeTc+Pzjmp+foo9s
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mice, which have minimal axonal regeneration (210, 211). Our results suggest that any barrier 

and vascular defects arising from crush are likely confined to the ON and are not apparent in 

the retina. 

Our second set of experiments was designed to isolate pure endothelial cells from the 

retina. We used sequential immunopanning of enzymatically and mechanically dissociated 

retinas to remove contaminating cell types and select for endothelial cells. Endothelial cells 

have a close association with CD45+ microglia, so we removed them by panning over an anti-

CD45 plate, followed by the anti-CD31 selection plate for endothelial cells. We were able to 

generate a highly enriched preparation of endothelial cells, 95% pure as determined by Cldn5 

positivity. Cldn5 is a tight junctional protein only expressed in endothelial cells in the retina. 

We were unable to positively identify the other 5% of cells by immunostaining. 

Our third set of experiments tested the hypothesis that endothelial cells would have a 

transcriptional response to ONC. We isolated total RNA from immunopanned endothelial 

cells 5 and 14 days after ONC and found that a number of genes were differentially expressed 

in the ONC eye group compared to the sham surgery group. At 5 days post-ONC a large 

number of the genes were related to immune function. It has been previously described that 

ONC activates the immune system in the retina (212–214), leading to neutrophil and leukocyte 

infiltration, expression of pro-inflammatory receptors, and upregulation of immune-related 

signaling. Our data show that some of these changes localize to endothelial cells and 

microglia. By 14 days post-ONC very few differentially expressed genes were related to 

immune function. The only pathway change detected was the neuroactive ligands pathway, 

which was supported by differential expression of the gene group PTGER4, GABRA1, 

ADCYAP1R1, CHRNA4, PTAFR, GRIK2, ADRA2A, P2RX6, GLRA2, P2RY6, GRIN3A, 

EDNRB, GLRB, C3AR1, S1PR2. Many of these are purinergic or neurotransmitter receptors 

known to be expressed on RGCs. Indeed we observed staining of some differentially 

https://paperpile.com/c/W7M7f8/JJtzn+FKNEH
https://paperpile.com/c/W7M7f8/oqUMJ+1m1Xo+jRgoy
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expressed candidates in RGCs. But why would isolated endothelial cells and microglia show 

differential expression of proteins localized to RGCs? One explanation could be that RGCs are 

constantly sharing material (proteins, RNA, etc) with endothelial cells and/or microglia via 

phagocytosis, and after the crushed RGCs degenerate there are fewer cells around to generate 

phagocytic material. However, the set of genes contributing to neuroactive ligands was split in 

direction of differential expression - 6 out of 15 were up and the other 9 were down in ONC 

compared to control. It has been reported that RGC subtypes are differentially susceptible to 

injury (187, 215), so perhaps different subtypes contribute differentially to the presence of 

RNA and protein inside microvascular cells. 

Our fourth set of experiments were intended to localize the protein products of 

differentially expressed genes and discover endothelial-cell specific changes in protein 

expression. We immunostained 5D and 14D ONC retinas with a panel of antibodies. Most 

antibodies stained nothing, but some did clearly stain a subset of retinal cells. We were not 

able to observe clear staining of retinal endothelial cells, as determined by overlap with the 

signal from BSL staining. 

Methods 

Animals 

Wild-type C57/BL6 mice purchased from Envigo. All animal experiments were 

performed in accordance with national guidelines and UCSD IACUC guidelines. 

Experimental/surgical procedures were performed to minimize animal stress and the number 

of animals used. 

Optic nerve crush (ONC) surgery 

Optic nerve crush surgery was performed in P28-P35 animals. The left optic nerve 

(ON) was exposed from the outer canthus, and crushed for 5 seconds with a Dumont # 5 

forceps (91150–20, F.S.T.) approximately 1.5 mm behind the globe. Care was taken to avoid 

https://paperpile.com/c/W7M7f8/6FkV1+PMnpU
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damaging the blood supply to the retina. The right ON was exposed and encircled with the 

forceps but not crushed. Topical antibiotics and pain medication were administered in 

accordance with approved protocols. 

Retina collection for vascular analysis 

At 5 or 14 days after ONC mice were killed and the whole eyes were fixed in 4% PFA 

in 1x PBS at room temperature for 10 minutes, then transferred to 1x PBS on ice. The retinas 

were dissected out and fixed in methanol at -20 degrees overnight or post-fixed in 4% PFA for 

45 minutes to 1 hour. 

Immunofluorescence 

Whole-mount fixed retinas were washed in PBS then blocked for 30 minutes in 0.2% 

BSA, 5% serum, and 0.3% Triton X-100, then incubated in primary antibody in blocking 

buffer overnight at 4 degrees with gentle rocking. Retinas were then washed in 0.3% Triton X-

100 three times, and incubated with secondary antibodies in 0.3% Triton X-100 for 2-4 hours 

at room temperature, protected from light with gentle rocking. They were then washed in 0.3% 

Triton X-100 twice, 1x PBS twice, and then mounted on slides with Prolong Gold Antifade 

Reagent.  BSL was biotinylated griffonia simplicifolia lectin I (Vector Laboratories B-1205, 

1:250). Streptavidin was streptavidin conjugated to Alexa Fluor 594 (Thermo Fisher Scientific 

S32357, 1:1000). 

Confocal and epifluorescence imaging 

Confocal imaging was done on a Zeiss LSM 710. A 20x/0.8 NA air objective was 

used. Images were acquired at 1 airy unit resolution with 4x undersampling of pixels in X-Y 

and 2x undersampling in Z. Excitation lasers were 488 nm (for Alexa Fluor 488 and FITC), 

561 nm (for Alexa Fluor 594), and 633 nm (for Alexa Fluor 647). Emissions were collected as 

separate tracks over wavelength bands exclusive with other mutually excited fluorophores. 

Epifluorescence images were collected on an Axio Imager D2 (Carl Zeiss) with a 5x Fluor, 
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0.25 NA or 20x Plan-Apochromat, 0.8 NA objective, using a digital camera (Axiocam HRm, Carl 

Zeiss). AxioVision software was used to acquire images; Fiji (ImageJ) and Inkscape were used for 

image processing and analysis. 

Vascular image analysis 

Volumes of the retina were sampled by confocal microscopy.  ~425 um x 425 um z-

stacks were taken ~500 um away from the center of the retina from each of the 4 sections of a 

flat-mounted retina. Confocal volumes were stitched using Zeiss’ Zen software using a 

strictness of 0.9. Because the stacks were often not completely flat, they were then rotated in 

ImageJ using the TransformJ plugin so the superficial layer vasculature was in the same plane 

across every stack in the image.  Portions of the image corresponding to each vascular layer 

were extracted and analyzed separately. Vessels were traced by hand, skeletonized in ImageJ 

using the Skeletonize plugin, and analyzed for length and branch points using the same plugin. 

Fluorescein uptake assay 

Mice were induced to a plane of surgical anesthesia by a mixture of 

ketamine/xylazine. Sodium fluorescein dissolved at 10% (w/v) in PBS was injected i.p. 2.5 uL 

per gram mouse. The fluorescein was allowed to circulate for 15 minutes, then the animals 

was sacrificed the retinas were dissected into tubes and weighed. Blood was also retrieved 

from cardiac puncture. Retinas were homogenized and the soluble fraction extracted with 

trichloroacetic acid (TCA). Extracts were centrifuged at 10,000 x g to remove the insoluble 

fraction. The supernatant was transferred to a fresh tube and neutralized with sodium 

hydroxide. Serum was separated from the blood, and the same TCA extraction protocol was 

used to collect serum fluorescein. Fluorescence intensity was read on a Tecan Spark 

Microplate reader, with excitation at 485 nm and emission at 530 nm. The fluorescein uptake 

ratio was calculated as (RFUretina/mgprotein)/(RFUserum/µLserum). 
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Immunopanning 

Secondary antibodies included affinity purified Goat anti-Rat IgG (H & L), Jackson 

ImmunoResearch 112-005-167. Primary antibodies included rat anti-mouse CD45 (AbD 

Serotec MCA1031GA) and rat anti-mouse CD31 (BD Pharmingen 553370). Petri dishes (one 

150 x 15 mm and one 100 x 15 mm; Fisher) were incubated with 5-15 ml of Tris buffer 

solution (pH 9.5) with 10 p.g/ml secondary antibody for 12 hr at 4°C. The dishes were washed 

three times with DPBS, and the small dish was incubated with 40 uL of rat anti-mouse CD31 

antibody and the large dish was incubated with 20 uL of rat anti-mouse CD45 for 2 hr at room 

temperature in 0.2% BSA to prevent nonspecific binding of cells to plate.  

Retinas obtained from ONC mice were dissociated enzymatically to make a 

suspension of single cells. Briefly, the tissue was incubated at 37°C for 30-45 min in a papain 

solution (15 U/ml for retina; Worthington) in an DPBS containing L-cysteine and 2 mM 

EDTA. Then calcium and magnesium were supplemented into the solution to 2 mM each and 

the tissue was incubated for an additional 15 min. The tissue was then triturated sequentially 

with a 1 mL pipette in a solution containing ovomucoid (1.5 mg/ml; Roche), DNase (0.004%; 

Sigma), and bovine serum albumin (BSA; 1 mg/ml; Sigma) to yield a suspension of single 

cells. Another ovomucoid/BSA solution (10 mg/mL) was layered underneath and the cells 

were centrifuged through it at 140 x g. 

The retinal suspension was resuspended in panning buffer (DPBS with 0.02% BSA 

and 5 ug/mL insulin) and poured over the 150 mm anti-CD45 panning plate. The plate was 

incubated for 30 minutes at room temperature with gentle swirling at 15 minutes. The 

supernatant was then transferred to the two anti-CD31 panning plates, split equally between 

the two. The plate was incubated for 30 minutes at room temperature with gentle swirling at 

15 minutes. The retinal suspension was then discarded and the CD31 panning plates washed 8 

times with 10 mL DPBS. Plates were inspected visually for the presence of nonadherent cells 
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and imaged for cell counting. Endothelial cells were lysed on the plate by removal of the final 

DPBS wash and addition of 700 uL RLT buffer with beta-mercaptoethanol (Qiagen). Both 

plates were collected in one 700 uL volume of RLT buffer, spun through a QIAshredder 

column, and stored at -80 degrees. 

mRNA purification, NGS library preparation, RNA-sequencing and bioinformatic analysis 

Total RNA was isolated using the Qiagen RNeasy micro kit according to the 

manufacturer's instructions. Total RNA was then processed for library construction by 

Cofactor Genomics (http://cofactorgenomics.com, St. Louis, MO) according to the following 

procedure: Briefly, total RNA was reverse-transcribed using an Oligo(dT) primer, and limited 

cDNA amplification was performed using the SMARTer® Ultra® Low Input RNA Kit for 

Sequencing – v4 (Takara Bio USA, Inc., Mountain View, CA). The resulting full-length 

cDNA was fragmented and tagged, followed by limited PCR enrichment to generate the final 

cDNA sequencing library (Nextera® XT DNA Library Prep, Illumina, San Diego, CA). 

Libraries were sequenced as paired-end 150 base pair reads on an Illumina NextSeq500 

following the manufacturer's instructions. 

Sequenced reads were aligned to the Ensembl reference genome mm10 using tophat 

v2.0.11 and bowtie2 v2.2.1 with parameters --no-coverage-search -m 2 -a 5 -p 7. Alignment 

files were sorted using SAMtools v.0.1.19. Count tables were generated using HTSeq-0.6.1. 

Differential expression was analyzed using DESeq2. 
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