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Summary 

Injury to optic nerve (ON) axons plays a major role in glaucoma progression. ON 

crush is an established model of axonal injury which results in retrograde 

degeneration and death of retinal ganglion cells (RGCs). However, it is unknown 

how signal transmission to higher visual structures such as primary visual cortex 

(V1) is affected after ON crush. In human glaucoma, visual function is assessed 

using visual field (VF) tests, but it is also not clear how the test results relate to the 

disease progression in the retina. 

Unilateral ON crush was performed on the left eyes of adult C57BL/6 mice. V1 

function of the right hemisphere was assessed longitudinally by optical imaging (OI) 

and in vivo calcium two-photon imaging under anaesthesia before and at 7 days, 14 

days and 30 days after ON crush. Human retinas from glaucoma patients were 

investigated for changes in RGC density and compared to the score from the VF data 

obtained prior to the patients’ death. 

ISI and 2P experiments demonstrate a significant shift in OD towards the ipsilateral 

eye and significant reduction of signal magnitude in V1 in response to contralateral 

eye stimulation in all ON crush animals. Additionally, response magnitude to 

ipsilateral eye stimulation was significantly increased after ON crush. While there 

was significant RGC loss in human glaucoma compared to age matched controls that 

was correlated to mean VF loss, the scores from the individual VF test points were 

uncorrelated to RGC density in anatomically equivalent areas. 

This work demonstrates that unilateral ON crush results in immediate loss of signal 

transmission from the retina to V1 via a crushed ON. A significant increase of 

responsiveness in V1 to non-crushed eye stimulation was observed, which indicates 

that injury of the ON in adulthood may evoke compensatory plasticity in V1. 
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1.1 The human visual system 

The human eye is a highly specialized sensory organ that is responsible for light 

photoreception. The eye’s structures detect light, and convert the energy received 

into action potentials. These action potentials are then relayed to the ON and then to 

the brain, where the information is processed and appreciated as vision.  

 

1.1.1 The gross anatomy of the human eye  

The human eye is spherical and measures approximately 28 mm in diameter and 24 

mm in length, with a total volume of 6.5 ml. The externally located pupil allows light 

to enter the eye and the iris, which is a coloured, circular muscle that controls the 

size of the pupil. The front, white, external part of the eye is the sclera, which 

supports the walls of the eyeball, and forms the transparent part of the eye, called the 

cornea. The cornea refracts light and contributes to the 2/3rds of the total focusing 

power (Kolb 1995). The eye movements are controlled by 6 extraocular muscles that 

are located in the orbit. The superior rectus and the inferior rectus move the eye 

upwards and downwards respectively. The medial rectus and lateral rectus move the 

eye inwards and outwards to the side. The superior and inferior obliques are 

responsible for the eye rotations (Forrester J. V., Dick A. D., McMenamin P. G., 

Roberts F. 2016).  

The eye contains three liquid filled chambers; the anterior chamber (between the 

cornea and the lens), the posterior chamber (between the iris and the lens), and the 

vitreous chamber, which is the largest of the three. Both the anterior and posterior 

chamber are filled with aqueous humour, while the vitreous chamber is filled with 

vitreous humour (Kolb 1995). Situated between the anterior and posterior chambers 
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is a complex band of specialised connective tissue known as the trabecular 

meshwork, with the canal of Schlemm on its outer aspect. 

These structures are critical in aqueous humour outflow, which is known to be 

affected in glaucoma, which will be discussed in detail later. The lens, together with 

the cornea, refracts light and focuses it on the retina. By changing its shape, the lens 

can change the focal distance, enabling it to focus on objects at various distances. 

The walls of the eye are formed by three layers (known as tunics) of different types 

of tissue. Sclera forms the outer shell of the eye, and it continues to the brain as dural 

sheath. The middle layer (choroid) is a vascular layer of the eye which is rich in 

blood vessels, supplied by the ophthalmic artery. The inner layer of the eye (retina) is 

the neural part of the eye’s structure, which contains the light sensitive cells.  Axons 

from RGCs exit the eye as II cranial nerve or ON. The ON contains the central 

retinal artery (a branch of the ophthalmic artery) which serves as a separate blood 

supply for the inner retina.  

 

1.1.2 The human retina 

The human retina lines the back of the eye, and is approximately 0.2 mm in 

thickness. It is part of the CNS and (excluding vascular cells) only contains neurons 

and neuroglia that are organised in strict nuclear and neuropil layers (Figure 1.1). The 

outermost part of retina contains the photoreceptor cells, which are light sensitive 

cells, while the innermost part of retina contains RGCs, which are the output cells of 

the retina (Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 2016). The 

retina contains an area called the macula, which is a circular zone measuring 5-6 mm 

in diameter, situated around the fovea. The fovea is an area heavily dominated by 

cones, and is histologically characterized by containing multiple layers of RGCs. The 
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fovea is an area of 1.5mm diameter in the temporal retina, located 3 mm laterally to 

the optic disk. It appears slightly yellow in colour due to yellow screening 

xanthophyll carotenoid pigments, found in the cones. The foveola is a central 

0.35mm wide depression (or pit) in the fovea, where there are no rods, but where 

peak cone photoreceptor density is located. The foveal pit is avascular and inner 

retinal layers are displaced laterally, therefore there are no RGCs in the pit itself 

(Figure 1.1). The optic disk is approximately 1.8 mm in diameter, and is the site 

where RGCs axons exit the retina. There are no retinal layers found in the optic disk, 

thus forming a blind spot, which is typically not perceived by human vision. The 

peripheral retina is the remainder of the retina (outside of the central retina), which is 

rich in rods and contains a single layer of RGCs. The peripheral retina ends at the ora 

serrata, which is a serrated margin, or transition zone, between the neural retina and 

non-pigmented epithelium cells.  

For descriptive purposes, the retina is usually divided into nasal, temporal, superior 

and inferior quadrants or hemi-retina, starting from the fovea. The distance of the 

retina from the optic disk to the ora serrata towards the temporal side is 23-24 mm, 

and 18.5 mm on the nasal side. The human retina is approximately 200 µm in 

thickness in the central retina, with the thickest part near ONH of 230 µm, and 110-

140 µm in thickness in the periphery. The total area of the retina is approximately 

1250 mm2 (Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 2016).  
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Figure 1.1 Human retina 

(A)Laminar human retina organization visualised with H&E stain (Kolb 1995). (B) 

Fundus photograph of human retina of central retinal area and the fovea. (C) 

Optical coherence topography image of human retina.  

 

1.1.3 RGCs in human retina 

There are approximately 1.2 million RGCs in one human retina. Their cell bodies are 

mostly situated in the GCL, while their axons are found in the NFL and dendrites are 

found in the IPL. In the central retina, there can be up to 7 cell layers of RGCs found 
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in the GCL, which can result in GCL thickness of 60-80 µm, in comparison to 10-20 

µm thickness in the peripheral retina (Forrester J. V., Dick A. D., McMenamin P. G., 

Roberts F. 2016). RGCs can be morphologically classified into different types: by 

the soma size, dendritic tree spread and branching level. Currently, there are at least 

18 different types of RGCs that have been identified in human retina (Kolb et al. 

1992). RGC’s mainly receive signals from bipolar cells and amacrine cells, via 

synapses located in the IPL.  

Human RGCs are usually separated into two main classes: midget ganglion cells, and 

parasol ganglion cells. Midget ganglion cells are the largest class, accounting for 

approximately 80 % of all RGCS. Midget ganglion cells project to parvocellular cells 

in the LGN, and in the retina they synapse with amacrine cells and a single midget 

bipolar cell. The dendritic spread of midget bipolar cells is 5-10 µm in the central 

retina, and up to 100 µm in peripheral retina. They are arranged in a mosaic shape in 

retina and their dendritic trees do not overlap (Dacey 1993). 10% of all human RGCs 

are parasol ganglion cells, which project to magnocellular cells in the LGN, and 

synapse with all types of bipolar cells (excluding midget bipolar cells) in the retina. 

Parasol RGCs have large cell bodies, and large dendritic trees of up to 200 µm 

(Rodieck et al. 1985). Their size is directly proportional to the eccentricity (Meyer-

Rüsenberg et al. 2006). Another class of RGCs, intrinsically photosensitive RGCs 

(ipRGCs), are the most recently discovered class of RGCs. ipRCGs were first 

identified in rodents (Hattar et al. 2002; Berson et al. 2002). They contain the 

photopigment melanopsin, and are not involved in image formation. ipRGCs project 

to supra-chiasmatic nuclei in the hypothalamus and midbrain, where they act like 

intrinsic photoreceptors and respond to light with a role in the control of pupillary 
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light reflexes and circadian rhythm (Schmidt et al. 2011; Ribelayga et al. 2014; 

McDougal and Gamlin 2010). 

 

1.1.4 Human ON and lamina cribrosa 

The ON is formed by 1.2 million RGC axons meeting at the optic disk. From the 

optic disk, axons extend along to form the ON, and pass alongside the ophthalmic 

artery, through the optic canal, which located in the sphenoid bone of the orbit. The 

human ON can be subdivided into four main parts: intraocular (1 mm in length), 

orbital (25-30 mm in length), intracanalicular (4-10 mm  in length), and intracranial 

(10 mm in length) (Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 2016). 

The intraocular portion (non-myelinated portion) extends from the optic disk to the 

posterior of the sclera. It can be further subdivided to three areas: pars retinalis, pars 

choroidalis and pars scleralis. Pars scleralis, which contains lamina cribrosa, is 

exceptionally rich in glial cells, which account for 40% of the tissue mass (Forrester 

J. V., Dick A. D., McMenamin P. G., Roberts F. 2016).  

Lamina cribrosa is a sieve-like connective tissue mesh, which is formed by irregular 

collagen fibre bundles that are continuous with the sclera. These bundles are 

separated from axons by a covering of glial tissue (Forrester J. V., Dick A. D., 

McMenamin P. G., Roberts F. 2016). Compression of lamina cribrosa sheets have 

been associated with the early pathogenesis of glaucoma, noted even before VF loss 

(Quigley et al. 1983). It was also found to be significantly thinner in glaucoma 

(Jonas et al. 2003). The main function of lamina cribrosa is to allow RGC axons to 

leave the eye and to stabilize the IOP, by forming a physical barrier between 

intraocular and extraocular space (Jonas et al. 2003).  Myelination of the axons by 
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oligodendrocytes starts at the posterior level of pars scleralis, and posterior of lamina 

cribrosa. The orbital portion of the ON extends backwards towards the optic canal, 

and is covered by three layers of meninges: pia, arachnoid and dura mater. The 

intracanalicular portion of the ON passes through the optic canal, together with 

ophthalmic artery and sympathetic nerves (Forrester J. V., Dick A. D., McMenamin 

P. G., Roberts F. 2016). The ONs leave the cranial part of the optic canals, and pass 

backwards and slightly upwards, where they end by forming the optic chiasma.  The 

optic chiasma is a quadrangular bundle of nerves, where partial crossing of ON fibres 

occurs. The fibres from the nasal hemiretina of each eye cross the midline to enter 

the contralateral optic tract, while fibres from the temporal hemiretina do not cross 

the chiasma.  

 

1.1.5 The SC and the LGN in humans 

The SC are located in dorsal part of the midbrain. Fibres that project to the SC are 

associated with visual reflexes, automatic scanning of images and visual association 

pathways (Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 2016). The 

LGN is a part of the thalamus that is a relay station for ascending sensory 

information. The LGN receives inputs from both retinae and consists of 6 laminae of 

cells, which are numbered from 1 to 6. Nerve fibres from the nasal half of the 

contralateral eye’s retina will terminate on cell bodies in layers 1, 4 and 6. Fibres 

from the temporal half of the ipsilateral eye’s retina will terminate in layers 2, 3 and 

5. Each RGC axon will always terminate in at least one laminae of LGN, but can 

terminate on up to six cells. Most of the cells from the LGN will send their fibres via 

the optic radiations or geniculocalcarine tracts to area 17 in the visual cortex. The 
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LGN has inputs from the areas 17, 18, 19, oculomotor centres and the reticular 

formation (Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 2016). 

 

1.1.6 Visual cortical areas in humans 

The fibres from the optic radiations, which contain fibres from both eyes, enter layer 

IV of the visual cortex, which is located in the occipital lobe. V1 (area 17) (Figure 

1.2) consists of six basic layers, and is more cellular than other areas of cortex. It is 

organised in OD columns, where matching projections from the left or right eye are 

ordered side by side in columns. Cells from layers II and III project to the secondary 

visual cortices (areas 18 and 19). Cells in layer V project to the SC, and layer VI 

cells project to the LGN (Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 

2016). V1 is responsible for coding the aspects of local image features such as size, 

orientation, direction, and binocular differences. 

Secondary visual association areas are areas that are visually responsive, but do not 

receive direct projections from the LGN.  At least 15 secondary visual association 

areas have been identified so far in humans, with the potential for more to be 

discovered. These areas are responsible for object recognition, motion, and location 

of objects, as well as other complex visual tasks.    
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Figure 1.2 Human visual pathway and lamination of visual cortex. 

(A)Human visual pathway (Hubel 1988). (B) Cortical cell layer organisation (Kolb 

1995). (C) A pathway of human cortical columns (Katz and Crowley 2002).  

 

1.2 The mouse visual system 

Mice are an extremely popular choice of laboratory animal as they are small, breed 

well and are genetically similar to humans. Therefore, they can be used as induced or 

genetically inherited models for most diseases of the human eye. Although mice are 

small, nocturnal animals that navigate with the use of their whiskers, the gross mouse 
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visual system is quite similar to the visual pathways of higher mammals. There are, 

however, some fundamental differences which will be discussed.  

 

1.2.1 The gross anatomy of the mouse eye 

The eyes of a mouse are positioned laterally and the globe is approximately 3.5 mm 

in diameter. The mouse eye is approximately 8 times smaller than the human eye 

(Geng et al. 2011). It contains a relatively large cornea, a very large lens, and a small 

vitreous chamber, with a total vitreous volume of only 5 µl (Jeon et al. 1998). The 

anterior of the eye is filled with aqueous humour, a clear liquid which supplies 

nutrients for the avascular cornea and the lens. The aqueous humour is secreted at the 

ciliary body and drained at the trabecular meshwork. The aqueous humour fills both 

the anterior and posterior chambers, with a total volume of 5.9 µl.  

 

1.2.2 The mouse retina 

The total retinal area in the mouse is approximately 15 mm2, and just like in humans, 

it is organised in nuclear and plexiform layers containing discrete populations of 

neurons. As the mouse is a nocturnal animal, its retina is dominated by rods (which 

make up 97% of all photoreceptors), which are used to see in dim light conditions. 

The mouse retina contains a mean density of 430,000 per mm2 of rods, and only 

12,000 per mm2 of cones (Jeon et al. 1998). Visual acuity (the ability to determine a 

small distance separating two points) in typical laboratory mice, using behavioural 

vision tasks, was determined to be around 0.5-0.6 c/deg. This is extremely low when 

compared to the average human visual acuity of 60 c/deg (Chalupa and R. W. 2008). 
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Mouse retina lacks a discrete NFL, as seen in humans, and approximately 60% of 

cells in the GCL are displaced amacrine cells. It does not contain a fovea, but instead 

an area called area centralis, which contains the highest density of cones and rods. 

The rod’s photosensitivity in mouse retina has been determined to peak at 

approximately 497-500 nm, while the two types of cone sensitivities peak at 360 nm, 

and 508 nm.  

Mouse retina, like human retina, contain several different types of glia cells, 

including Müller cells (that stretch vertically through the entire retina), astrocytes, 

and microglia.  

 

1.2.3 Mouse RGCs 

There are approximately 110,000 neurons in the GCL of a single mouse retina, of 

which 45,000 are RGCs, with a peak mean density of 8000 RGCs/mm2 (Jeon et al. 

1998). There have been 22 morphological types of RGCs distinguished in the mouse 

retina, to date (Volgyi et al. 2009) (Figure 1.3). 

As opposed to most other mammals, where RGC soma size and dendritic tree size 

increases with eccentricity, this has been shown not to be true in mouse retina (Sun et 

al. 2002). Virtually all RGCs that project to ipsilateral hemisphere contribute to the 

binocular vision, and are located in the ventrotemporal crescent of ipsilateral eye 

(Chalupa and R. W. 2008). 
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Figure 1.3 Morphological types of mouse RGCs. 

There are at least 22 different morphological types of RGCs identified to date. At 

least 6 types of RGCs are bistratified, as shown in the illustration, labelled as cells 

G12, G16-G17, G20-G22. Axons are labelled by letter ‘a’. (Volgyi et al. 2009; Kolb 

1995). 

 

1.2.4 The ON and lamina region in a mouse 

The ON in a mouse can be divided into 4 separate areas: the ON head within the 

retina, the lamina region upon leaving the retina, the extraocular unmyelinated 

portion of the nerve, and the myelinated portion, which starts 0.6 mm behind the 

globe (May and Lutjen-Drecoll 2002). Extraocular fraction of the ON is part of the 



14 
 

CNS and is sheathed with three layers of meninges; pia, arachnoid, and sclera. The 

nerve is composed of RGC axons, astrocytes at the ON head, and astrocytes and 

oligodendrocytes in the extraocular portion of the nerve. The nerve also contains a 

small quantity of microglia and vascular cells. The central retinal artery (which is a 

branch of the ophthalmic artery) is responsible for the vascular supply to ON head 

and unmyelinated portion of ON, while the myelinated portion is supplied by blood 

vessels in the pia matter (Chalupa and R. W. 2008). Mice lack collagenous lamina 

cribrosa that is found in humans, and instead contain an analogous astrocyte rich 

lamina region (Howell et al. 2007). The ON’s from both eyes meet at the optic 

chiasm, where the fibres cross over. In the mouse, approximately 3-4% of fibres 

project to the ipsilateral hemisphere, while the rest project to the contralateral 

hemisphere.  

 

1.2.5 The SC and the dLGN in mouse 

In mice, at least 70% of RGCs project to the SC, which is a part of the tectum of the 

midbrain, and the inputs which terminate in the first 3 layers of SC are organised in 

retinotopic manner (Hofbauer and Dräger 1985; McLaughlin and O’Leary 2005). 

The SC is highly conserved, and is thought to be involved in gaze and eye 

movements (May 2006). Recently, the existence of OD columns in the SC of the 

mouse has been reported. This is surprising, as not even V1 in the mouse contain OD 

columns, that are a feature seen in higher mammals (Feinberg and Meister 2015; 

Ahmadlou and Heimel 2015).  

The dLGN is a thalamic nucleus that relays the visual information from retina to V1. 

In mice, only 30% of RGCs project to dLGN. Direction selective RGCs project to 
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the outer shell, and the non-direction selective RGCs project to the inner core of 

dLGN. Axons from RGCs located in the temporal retina project to the rostolateral 

part of dLGN, while ventronasaly located RGCs project to the dorsal part of dLGN. 

In humans, contralateral and ipsilateral projections to the dLGN can be distinguished 

easily; however, in mice they are intermingled. Ipsilateral projections to dLGN take 

up 14%-18% of its volume. There is also no functional diversity of mouse dLGN 

cells, as opposed to most other higher mammals, including rats (Chalupa and R. W. 

2008).  

 

1.2.6 Visual cortical areas of a mouse 

The mouse visual cortex, like the visual cortices of all mammals, is arranged in six 

distinct cellular layers. There are at least 11 visual areas in mouse visual cortex  

(Garrett et al. 2014) (Figure 1.4). V1 in the mouse occupies around 2-3 mm2 area and 

is comparable to area 17 in humans (Watson 2012). V1 receives a visual input from 

dLGN interneuron axons that mainly project to neurons in layer IV of V1 which in 

turn send their outputs to layer II-III neurons. 90% of retinal inputs project to the V1 

of the contralateral hemisphere in a uniform fashion, whereas 2-3% of the total 

inputs project to the lateral ipsilateral portion of V1, forming the binocular area of 

the VF. Surprisingly, the contralateral neuron drive is only 2-3 times greater in 

binocular area than ipsilateral  (Dräger and Olsen 1980; Chalupa and R. W. 2008). In 

addition, the binocular field of view of the mouse only takes up 30-40 degrees of 

central vision, compared to 120 degrees in humans (Figure 1.4). The mouse V1b (as 

opposed to the higher mammals such as cat or human) does not contain OD columns, 

instead, neurons in the binocular zone of the mouse are organised in salt and pepper 

arrangement. Only approximately 40-43% of mouse neurons in V1 are orientation-
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selective (Mangini and Pearlman 1980), while other neurons are non-orientated. The 

visual acuity of V1 neurons is determined to be around 0.5-0.6 c/deg (Porciatti et al. 

1999; Heimel et al. 2007). 

 

 

 Figure 1.4 The visual cortical areas and visual fields of the mouse. 

(A) Cortical visual areas, and associated areas of the mouse. S1 – primary 

sensory cortex, Au – auditory cortex, AL – anterolateral area, RL – rostrolateral 

area, LM – lateromedial area, LI – laterointermediate area, POR – postrhinal area, 

P – posterior area , V1 – primary visual cortex, V1b – primary binocular visual 

cortex, V1m – primary monocular visual cortex, PM – posteromedial area, AM – 

anteromedial area. Adapted from: Carandini and Churchland 2013. (B) Binocular 

visual field of the mouse occupies around 40 degrees, while the rest is occupied by 

the monocular zone (Scholl et al. 2013). 
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1.3 Glaucoma 

Glaucoma is the term given to a collection of progressive ON neuropathies. It is the 

second leading cause of blindness in humans, worldwide (Kingman 2004). Glaucoma 

can be congenital, due to malformation of the anterior chamber angle, however, it 

occurs most commonly as a result of degenerative disease, and can be classified into 

primary and secondary types (Forrester J. V., Dick A. D., McMenamin P. G., 

Roberts F. 2016). For most types of glaucoma, elevated intraocular pressure and 

ageing are important risk factors. However, low or normal tension glaucoma is not 

uncommon.  

 

1.3.1 POAG 

POAG is slow and progressive, and manifests itself with a gradually increased IOP, 

which is attributed to malfunctions in the aqueous humour outflow system. The 

anterior chamber remains normal, but the ON does undergo classic degeneration seen 

in glaucoma, such as an increase in optic cup-to-disc ratio, axonal death, and 

thinning of NFL. POAG is the most common form of glaucoma and has been 

identified as having strong genetic links, with mutations on chromosome 3p in 

particular (Alward et al. 1998), as well as new mutation sites frequently being 

discovered (Monemi et al. 2005). IOP usually rises from 18-23 mmHg to 25-

35mmHg, while an increase of ON cup-to-disc ratio due to axon death and defects in 

the VF have also been observed clinically (Forrester J. V., Dick A. D., McMenamin 

P. G., Roberts F. 2016). As a result of slow, mild progression, POAG is often not 

diagnosed until it is in its late stages, when irreversible damage to the axons of the 

ON and death of RGCs in retina has already occurred. 
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1.3.2 PACG 

As opposed to POAG, PACG may manifest itself acutely with an onset IOP rise of 

40-80 mmHg.  PACG is associated with age, as the globe becomes smaller, lens 

enlarges and moves into pupillary part of the eye, which creates narrow angles and a 

pressure build up in the anterior chamber of the eye. PACG is clinically observed by 

a sharp and significant increase in IOP, and optic disc swelling or papilledema 

(Forrester J. V., Dick A. D., McMenamin P. G., Roberts F. 2016).  

 

1.3.3 Other types of glaucoma 

Congenital infantile glaucoma occurs when there is a malformation of the trabecular 

meshwork and Schlemm’s canal at birth, and can been observed up to 3 years of age. 

This may cause resistance to aqueous humour outflow, thus resulting in increased 

IOP. It is unknown why congenital glaucoma occurs, however, it is thought that it is 

due to a failure of differentiation, or alterations in differential growth rates (Forrester 

J. V., Dick A. D., McMenamin P. G., Roberts F. 2016). This type of glaucoma is 

rare, occurring in 1 in 10,000 births (Francois 1980).  

There are two other types of secondary glaucoma; open and closed-angle. In 

secondary open-angle glaucoma, the angle is usually obstructed by inflammatory 

cells, haemorrhage, or lens matter. In secondary closed-angle glaucoma, the chamber 

is closed mechanically, for example, by lens displacement, or tumour (Forrester J. 

V., Dick A. D., McMenamin P. G., Roberts F. 2016). 

 

1.3.4 Glaucoma prevalence 
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Glaucoma is the leading cause of irreversible blindness, with an estimated 60.5 

million people affected by the two main types of primary glaucoma (POAG and 

PACG), in 2010 (Kingman 2004). The risk and subtypes of glaucoma vary across 

ethnicities, races and countries (Tham et al. 2015). In the UK, an estimated 489,000 

people were affected with glaucoma in 2009, with approximately 10% of UK 

blindness registrations, being due to glaucoma (Nice 2009).  

A meta-analysis of 50 studies was performed on people aged 40-80 years, and the 

total global prevalence of glaucoma was estimated to be 3.54% in 2013. POAG was 

found to be significantly more prevalent, accounting for a total of 3.05% prevalence, 

with PACG accounting for 0.50% of the global population. Glaucoma was most 

predominant in African people, with an estimated prevalence of 4.79%. POAG was 

at its highest prevalence in Africans, with 6.11%, while Asian people had the highest 

prevalence of PACG, at 1.2% (Tham et al. 2015).  

Glaucoma was estimated to affect 64.3 million people worldwide in 2013, and with 

the accelerated rise in the ageing population, it is estimated that by the year 2020 the 

number of people affected will rise to 76.02 million, and 111.82 million people 

affected by the year 2040 (Tham et al. 2015). 

 

1.4 Mechanism of RGC death in glaucoma 

Independent of the type of axon injury, axons of RGC (like other axons in the CNS) 

do not regenerate. Furthermore, an injury to axons typically causes the death of 

RGCs. The mechanisms of how glaucoma progresses and leads to RGC death are not 

completely understood (Figure 1.5). Currently, it is thought that the first site of 

damage is the axon which is mechanically induced by increased IOP at the ON. 
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However, the general belief that an increase in IOP results in glaucoma has been 

strongly disputed (Vrabec and Levin 2007) as many cases have shown that patients 

continue to suffer from glaucoma while having low IOP, and some patients with 

chronic hypertension never developing glaucoma. This may be explained by a 

secondary degeneration in the retina. The initial insult - such an increase in IOP 

causes the death of directly affected axons and their cell bodies in the retina, then it is 

proposed that spatially neighbouring, and healthy RGCs might also be affected as a 

result of a secondary, or further additional degeneration (Levkovitch-Verbin et al. 

2001; Levkovitch-Verbin et al. 2010). It is now widely accepted that RGCs in 

glaucoma and ON transection die by apoptosis, both in animal models (Quigley et al. 

1995; Garcia-Valenzuela et al. 1995) and in humans (Kerrigan et al. 1997). It is 

suggested that apoptosis is the final outcome of RGC degeneration in the retina, 

preceded by a series of complicated, compartmentalised, degeneration of axons, 

synapses, and dendrites (Whitmore et al. 2005; Morgan 2012).  It is thought that 

axons and dendrites can degenerate independently from each other. This hypothesis 

is supported by findings that showed increased autophagy in dendrites in 

experimental glaucoma, followed by a later, separate increase in soma (Park et al. 

2012).  
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Figure 1.5 RGC death in glaucoma 

Suggested cascade of events leading up to RGC death by apoptosis in glaucoma. IOP 

and non-IOP related factors are outlined (Libby, Gould, et al. 2005). 

 

1.5 Mouse models of RGC death 

Multiple genetic and induced mouse models of RGC death have been developed to 

study glaucoma; these will be briefly discussed below. 

 

1.5.1 ON crush 

ON crush is a commonly used method to induce RGC death by a mechanical injury 

to ON axons, by applying pressure to the nerve a few millimetres behind the globe. 

After an ON crush injury in adult mice, 95% of RGCs die within 2 weeks by 

apoptosis (or programmed death) (Berkelaar et al. 1994; Villegas-Perez et al. 1993). 

It has been demonstrated that short mechanical pressure applied to the ON not only 

causes primary mechanical damage directly, but also induces secondary degeneration 

to the axons that did not experience the mechanical injury (Yoles and Schwartz 
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1998). As early axon damage has been shown to be involved in early glaucoma 

damage (Howell et al. 2007), the ON crush method has been extensively used as an 

inducible RGC death model to study glaucoma.  

 

1.5.2 Inducible models of increased IOP 

Inducible models of increased IOP in mice are based on chronic aqueous outflow 

obstruction, which results in ocular hypertension. Laser photocoagulation of the 

episcleral vein has often been used to mimic closed-angle glaucoma. Laser 

photocoagulation is usually induced unilaterally, resulting in a transient increase of 

IOP for 8 weeks, before returning to the baseline value (Aihara et al. 2003a; 

Mabuchi et al. 2003; Nakazawa et al. 2006). Due to the transient IOP increase, laser 

photocoagulation only achieves mild RGC death and molecular changes. Episcleral 

vein cauterisation is another method of inducing transient IOP increase for up to 6 

weeks (Ruiz-Ederra and Verkman 2006). These methods are, however, associated 

with complications such as corneal damage, cataracts, and inflammation (McKinnon 

et al. 2009). Another successful inducible method of glaucoma is by the injection, 

and guidance of paramagnetic beads to block the aqueous outflow. However, this 

method has only been successfully achieved in rats, as the mouse eye was deemed to 

be too small for this method (Samsel et al. 2011). 

 

1.5.3 Genetic models of mouse glaucoma 

DBA/2J is the most well-characterized model of spontaneous glaucoma development 

in mice. The DBA/2J inbred mouse strain develops an iris disease, where the 

pigment from the iris is detached, creating a blockage in the anterior chamber. This 
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blockage prevents normal drainage of aqueous humour with similar disease 

manifestation as seen in POAG in humans (Chalupa and R. W. 2008). These mice 

develop an increased IOP at 8-9 months of age, followed by a loss of RGCs, ON 

atrophy, and ON cupping (John et al. 1998; Libby, Anderson, et al. 2005). In 

addition, it has been reported that RGC death in this model occurs in a fan-shaped 

fashion, which may be analogous with VF loss patterns seen in human glaucoma 

(Jakobs et al. 2005). A mutation in type 11 collagen, Col1a1(r/r), was also found to 

cause a gradual elevation of IOP in mice (Aihara et al. 2003b). This mutation was 

shown to cause an accumulation of collagen type 1 in the aqueous outflow pathway, 

thus creating drainage blockage, an elevation of IOP by 33%, and a loss of 28.7% of 

axons, at 54 weeks of age (Mabuchi et al. 2004). A mutation in Tyr423His myocilin 

was also shown to produce glaucoma-like results in mice, with a slight increase of 

IOP, and approximately a 20% loss of RGCs in the retina (Senatorov et al. 2006). 

Most recently Vav2/Vav3-deficient mice have been produced, that show elevated 

IOP, selective loss of RGCs, and ONH cupping (Fujikawa et al. 2010). 

 

1.6 Plasticity of visual cortex 

Plasticity is the term used to describe experience-dependent changes in neural 

networks due to external changes, in order to adapt to a new environment. Plasticity 

can occur on a small synaptic scale, or large scale remodelling of networks (for 

example: post- injury). Plasticity is most pronounced during development and is 

retained throughout adulthood. During early postnatal development, cortical circuits 

in V1 are experience sensitive. This defined period is called the critical period. Once 
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the critical period for a specific sensory function is over, the plasticity is significantly 

reduced (Berardi et al. 2000). 

Plasticity is a complicated process that is regulated by many genes, and occurs via 

several different mechanisms. The mechanisms for this process are not yet fully 

understood. Long-term potentiation (LTP) is a mechanism by which synapse 

strengthening occurs, based on recent repeated activity. The opposite, long-term 

depression (LTD), is a mechanism that results in synaptic weakening (Bear and 

Malenka 1994). In addition, neurons are also known to have the ability of 

homeostatic plasticity, allowing them to regulate their own activity relative to the 

network (Turrigiano and Nelson 2004). This is currently thought to occur via the 

neurons ability of synaptic scaling (Keck et al. 2015). 

 

1.6.1 OD plasticity 

OD plasticity was first described after MD by lid suture, after eye opening in kittens 

induced an imbalance in cortical responses (Wiesel and Hubel 1963). It was found 

that if the visual signal to the contralateral eye is occluded by transient MD during 

the critical period of OD, it causes the cortical neurons to switch their preference 

from the contralateral to ipsilateral eye. Additionally a decrease in vision from the 

contralateral eye is observed after it is reopened (Muir and Mitchell 1973; Hubel et 

al. 1977). In normal adult mice, cortical neurons in the V1b also have a preference 

for the contralateral eye (Drager 1975), and just like in kittens, this can be altered by 

an MD during the critical period (Gordon and Stryker 1996). The OD shift is not 

observed in adult mice with MD paradigm after the critical period is over. The 

opening and closing of the critical period is activated by molecular factors, in 
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particular, the maturation of cortical inhibition (Huang et al. 1999). The maturation 

of inhibitory GABAergic PV+ interneurons is thought to terminate the critical 

period. However, it can be reopened in adults by degradation of perineuronal nets 

surrounding these inhibitory PV+ interneurons (Pizzorusso et al. 2002). Additionally, 

it has been shown that with certain conditions such as dark exposure (He et al. 2006), 

environmental enrichment (Greifzu et al. 2014), and previous MD during 

development (Sonja B Hofer et al. 2006), that the window of OD plasticity can be 

extended and/or reactivated in adult mice (Pizzorusso et al. 2002). The critical period 

of OD plasticity in humans can last up to 10 years of age, with the first year being the 

most important (Banks et al. 1975). In mice, OD plasticity lasts from postnatal day 

19 to 33 (Gordon and Stryker 1996). 

 

1.6.2 Adult plasticity 

It is accepted that an adult brain is capable of exhibiting a certain degree of plasticity 

that is normally seen in high levels during development. This has been famously 

shown in humans (Maguire et al. 2000), where London taxi drivers show changes in 

their hippocampi, related to learning new navigational skills in adulthood. The study 

showed that acquisition of new information induces structural changes in the adult 

brain, initiating neurogenesis. The visual cortex, along with other parts of the brain, 

constantly undergoes experience dependent network re-organization. One model of 

studying the visual cortex’s plasticity in adults involves creating retinal lesions, thus 

causing a corresponding, non-responsive lesion projection zone (LPZ) in the 

retinotopic region of V1. During their recovery, neurons within the LPZ recover their 

responsiveness to visual stimuli as they receive inputs from RGCs surrounding the 
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retinal lesion area (Kaas et al. 1990; Calford et al. 2000; Keck et al. 2008). These 

changes have been attributed to increased dendritic turnover (Keck et al. 2008), and 

axonal sprouting within the LPZ (Yamahachi et al. 2009). This cortical 

reorganization has also been shown to occur in human patients suffering from 

macular degeneration.  In cases of macular degeneration, where the central retina is 

degenerated, the V1 (which previously was associated with central vision) was found 

instead to be reorganised to respond to peripheral stimuli (Baker et al. 2005). This 

was found to occur in task related visual stimuli, rather than passive viewing, and is 

thought to occur either by cortical reorganisation, or by unmasking task-dependent 

cortical signals that are normally supressed in normal V1 (Masuda et al. 2008).  

 

1.7 ISI 

ISI is a minimally invasive method of studying the functional patterns of neural 

activity over large areas of the cortex, in response to a stimuli (Grinvald et al. 1986). 

ISI strictly relies on intrinsic changes, and does not require any exogenous dyes. 

When cortical neurons are active, the light absorption of the particular region 

increases, and its reflectance decreases. It is possible to capture this difference with a 

charge-coupled device camera. There are several separate components that contribute 

to the rise of intrinsic signals (Zepeda et al. 2004). Initially, when synaptically 

activated, neurons require an increased amount of oxygen, which they draw from 

surrounding capillaries, thus oxygenated haemoglobin is replaced with 

deoxyhaemoglobin. This is then followed by a local temporal increase in blood 

volume, lasting 10-30 seconds, which increases the concentration of oxygenated 

haemoglobin and decreases deoxyhaemoglobin (Hallum et al. 2006). ISI is based on 
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the ability to detect the difference in red light absorption between the oxygenated 

haemoglobin and deoxyhaemoglobin, blood volume, and changes in light scattering 

properties of the active nervous tissue. 

Traditionally, ISI was performed by presenting the stimuli and acquiring images in 

very short intervals (‘episodic’ presentation). Periodic stimulation (Kalatsky and 

Stryker 2003) is a paradigm of ISI that uses continuous stimulus presentation and 

acquisition. The recorded signal is then analysed by applying Fourier transformation. 

This type of image analysis allows for the dissection of both heart rate and breathing 

rate artefacts quickly producing more robust activity maps, when compared to 

traditional ISI paradigms. Intrinsic signals are 10 times slower than neuronal activity, 

and therefore ISI has a high-spatial and low-temporal resolution (Kalatsky and 

Stryker 2003). 

 

1.8 Two-photon excitation microscopy 

Two-photon excitation laser-scanning microscopy is a fluorescence imaging 

technique that can be used in vivo, on live tissue. It uses high-energy pulsing 

femtosecond near-infrared light, and for each excitation, two less-energetic photons 

in the infrared spectral range are simultaneously absorbed. This imaging technique 

achieves an increased imaging depth of up to 600 µm (Kobat et al. 2011), and 

reduced photodamage and photobleaching (due to a focused focal volume and 

increased signal to noise ratio) when compared to conventional confocal microscopy 

(Denk et al. 1990). Therefore, the combination of advances in genetic modifications 

in mice and the development of advanced calcium sensors lead two-photon 

microscopy to become widely used as an advanced imaging technique in 
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neuroscience, as it allows in vivo imaging of the brain, and neuronal populations in 

their natural environment (Dombeck et al. 2015; Kawakami et al. 2013).  

 

1.8.1 Intracellular calcium in neurons 

In the nervous system, neuronal activity can be observed by visualizing and 

quantifying influx and efflux of intracellular calcium ions within neurons. Calcium 

ions are an important intracellular messenger. In a neuron, calcium can be found (or 

stored) in the endoplasmic reticulum (ER), mitochondria, and in the cell nucleus. In 

addition to this, PV, calbindin-D28k, and calretinin all act as endogenous calcium 

buffers (Schwaller 2010). The cytosolic calcium concentration is a result of the 

balance between calcium influx and efflux, and the interchange of calcium within the 

internal compartments of the cell. Most neurons have an intracellular calcium 

concentration of 50-100 nM that can temporarily increase by 10-100 times when 

active (Berridge et al. 2000). In presynaptic terminals, calcium influx sets off the 

release of neurotransmitter-containing synaptic vesicles. It has been shown that, 

postsynaptically, a short-term increase of the calcium concentration in dendritic 

spines is critical for the induction of activity-dependent synaptic plasticity (Zucker 

1999).  

 

1.8.2 In Vivo two-photon calcium imaging using GECIs 

Two-photon microscopy allows the observation and quantification of the activity of 

dozens, or hundreds of neurons at the same time, in anesthetised, or awake and 

behaving mice (Huber et al. 2012).  
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There are two broad types of calcium indicators: chemical, and GECIs. These 

indicators measure changes in intracellular calcium concentration by acting as an 

exogenous calcium buffers alongside the endogenous calcium buffers (Grienberger 

and Konnerth 2012). There are three main methods of loading neurons in-vivo with a 

calcium indicator: single cell loading (Jia et al. 2011), bulk injection of chemical 

indicators (such as Oregon Green) (Garaschuk et al. 2006) or GECI expression by 

viral transfection, and in utero electroporation or by a transgenic mouse line 

(Grienberger and Konnerth 2012). 

GECIs are most typically introduced to a neuronal population by viral transduction, 

using adeno-associated viruses (AAVs). Once the GECIs are transduced in the cell 

population of interest, neuronal activity can then be imaged using two-photon 

excitation microscopy for a period of several weeks (Tian et al. 2009). It has, 

however, been shown that AAVs can produce an inconsistent gradient of expression 

levels in the neighbouring neurons at an injection site, and the GECI expression can 

continue to increase with time abnormally, thus affecting some neurons (Chen et al. 

2013).  

 

1.8.3 GCaMP family calcium sensors 

GCaMP family calcium sensors are single-fluorophore GECIs that can be used to 

measure changes in the cytosolic free calcium concentrations in vivo. GCaMPs 

contain an enhanced green fluorescent protein (EGFP) as a fluorophore, which is 

bound by calcium-binding calmodulin and calmodulin-binding peptide M13. In the 

presence of calcium, calmodulin and M13 interact, evoking conformational changes 

in the fluorophore, prompting an increase in the emitted fluorescence (Nakai et al. 
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2001). GCaMPs can be introduced into the neuronal tissue by a transfection, using a 

bulk injection, and are capable of detecting up to a single action potential, and 

calcium changes in cell soma and dendrites (Chen et al. 2013). Recently, Thy1-

GCaMP6s/f transgenic mice lines have been described, where mice express GCaMP6 

sensors selectively, under the Thy1promoter, in their neurons from birth (Dana et al. 

2014). In future, using these mice lines will eliminate the need for the extensive 

surgery involved in the introduction of the GCEIs to the desired area, enabling 

studies to be started at much younger age, and over much longer timescales.  

 

1.8.4 Aims of the study 

The aims of this study are to explore the loss of RGCs in human retina with 

glaucoma, and the effect of RGC loss on V1 in the mouse. To achieve this, I have 

employed ex vivo and in vivo two-photon laser scanning imaging, and in vivo 

functional ISI. 

Chapters 2 and 3 describe the functional outcome of V1b activity after a unilateral 

ON crush in a mouse, which resulted in RGC loss in the retina. Chapter 2 introduces 

ISI as a method of longitudinal rapid detection of plasticity in V1b after an ON 

crush.   

In Chapter 3, cellular resolution is introduced to give an insight into the same injury 

paradigm by utilizing longitudinal in-vivo calcium imaging of excitatory and 

inhibitory neurons. 

Chapter 4 examines topographic RGC loss in the retina of human glaucoma subjects 

when compared to normal age matched retinas and to clinical VF data that was 

obtained prior to the patient’s death.  



31 
 

Chapter 5 examines and discusses various techniques that were utilised to fully label 

single cell RGC morphology in fixation, in preserved human retina, in order to assess 

dendritic degeneration in glaucoma.  

A detailed methods section and concise summary and discussion of primary findings 

are presented in each experimental chapter, with a comprehensive discussion of all 

results presented in Chapter 6. 
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Chapter 2: ISI of V1b after unilateral ON 

crush in adult mice 
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2.1 Introduction 

ISI can detect small changes in the light scattering properties that occur in active 

neuronal tissue. While ISI is not a direct measure of neuronal activity, in mice ISI 

can provide a clear picture of the activity of organised networks, such as V1 (Schuett 

et al. 2002), the barrel cortex (Laaris et al. 2000), and even sub-cortical areas, such 

as the SC (Mrsic-Flogel et al. 2005). ISI is frequently used to study cortical 

plasticity, and in particular, OD plasticity in juvenile mice (Sonja B. Hofer et al. 

2006; Ranson et al. 2013; Cang et al. 2005). It has been shown that the adult cortex, 

just like the juvenile cortex, is  capable of reorganisation, and the formation of new 

connections after an injury, such as deafferentation (Wall and Egger 1971; 

Merzenich et al. 1983). In the adult visual cortex, plasticity may also be evoked by 

injuries, such as retinal lesions (Keck et al. 2008; Keck et al. 2011), or ME (Nys et 

al. 2014; Toldi et al. 1996). The ON serves as the sole retinal output, transmitting 

visual information from the retina, to V1, as well as other areas in the brain. It is 

unknown how an injury to the ON axons may affect cortical activity, or whether it 

would induce plasticity and reorganisation of the visual cortex. As opposed to nerves 

in the PNS, the mammalian ON (which is part of the CNS) is not able regenerate 

after an injury, due to the inhibitory properties of myelin in the CNS (Caroni and 

Schwab 1988). It was hypothesised that connections within the visual cortex may be 

able to reorganise after partial deafferentation by an ON crush. The ON crush is a 

well-established model of inducing robust, but progressive, permanent RGC death in 

mice (Allcutt et al. 1984). Part of the mechanism of how the injury progresses after 

ON crush is by Wallerian degeneration, where the distal part of axon degenerates, 

separate from the cell soma (Lawson et al. 1994; Lorber et al. 2012). It has been 

shown that transgenic animals with a mutation in the Wallerian pathway (Wld(S)) 
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are more resistant to Wallerian degeneration after the ON crush (Beirowski et al. 

2008). In addition, the same allele protects the DBA/2J mouse strain against axonal 

damage (Howell et al. 2007). The ON crush causes RGCs to die by apoptosis, 

mediated by inflammatory processes in the retina, as shown by observing a TUNEL 

assay that labels late stage apoptotic cells (Bien et al. 1999; Li et al. 1999) in the 

retinas of mice, that received an ON crush. Furthermore, adult mice are more 

susceptible to RGC loss after an ON crush than young mice, due to an increase in 

accompanied astrocyte death after an injury in adults (Wang et al. 2007). Axonal 

transport (Minckler et al. 1977), including retrograde BDNF transport from the SC 

(Quigley et al. 2000), was shown to be affected in ocular hypertension animal 

models. The retinal function (and thus the signal transmission within the ON) was 

evaluated using retinal pattern electroretinography (PERG), which is a measure of 

electrical activity that arises in retina in response to presentation of visual stimuli, 

which is then recorded at the cornea (Porciatti 2007). Following an ON crush (10-20 

minutes), the PERG amplitude decreased dramatically, and remained diminished for 

up to 30 days, post ON crush. This was comparable to transient transmission block, 

that can be induced by retrobullbar lidocaine administration (Chou et al. 2013).  

Additionally, Yukita et al. (2015), found a decrease in another component of ERG, 

the positive scotopic threshold (pSTR), 3 days after an ON crush. The STR 

component of ERG was shown to be made up primarily of RGC responses (Bui and 

Fortune 2004). The reduction in pSTR correlated with the reduction of RGC specific 

genes (Brn3a and Brn3b), but preceded the thinning of inner retinal layers, which 

was observed 10 days after the injury (Yukita et al. 2015). This, however, does not 

provide an insight if the signal transmission to higher visual structures has also been 

affected in a similar manner.  
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Finally, several investigators have reported an impaired ON function  in 

heterozygous mutation of OPA1 transcript mouse models, of autosomal dominant 

optic atrophy (Davies et al. 2007). The OPA1 mutation causes dysfunction of 

mitochondria fusion, which results in the significantly accelerated degeneration of 

the axonal ON transport function and retina  (Davies et al. 2007), comparable to that 

seen in severely aged mice (White et al. 2009). In addition, the mice carrying this 

mutation were also shown to undergo significant degeneration of RGC dendrites in 

retina (Williams et al. 2010).  Patients diagnosed with autosomal dominant optic 

atrophy are shown to exhibit anatomical degeneration in the optic disc, and ON 

(Votruba et al. 2003). Therefore we hypothesised that using ISI technique we might 

be able to detect and monitor ON degeneration in this disease model. 

In this chapter, I set out to investigate how an acute injury, in the form of a unilateral 

ON crush or progressive degeneration (such as that seen in mice carrying the OPA1 

mutation), may affect the functionality of V1b.  

 

2.2 Materials and methods 

All procedures performed on animals were carried out in accordance with the UK 

Animals (Scientific Procedures) Act 1986, and the European Commission directive 

2010/63/EU.  

 

2.2.1  Mice 

The transgenic TD x PV mouse strain was bred in-house, on a C57BL/6 background, 

by crossing PV-Cre (Pvalbtm1(cre)Arbr ) and TD Tomato (Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze) mouse lines, obtained from a commercial provider (The Jackson 

Laboratory). PV-Cre knockin mice express Cre recombinase in PV containing 
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neurons, whereas TD tomato mice contain fluorescent protein (TD tomato), which is 

only expressed in the presence of Cre recombinase, when mouse lineage is crossed. 

Three aged (>12 months) adult OPA1+/- mice were donated by Professor Marcela 

Votruba, from the School of Optometry and Vision Sciences, Cardiff, UK. Mice 

were housed with same sex littermates, and kept in standard laboratory conditions 

(cycles of 14 hours of light, and 10 hours of darkness at 21°C), and provided with a 

standard laboratory diet and water ad libitum. Both male and female mice were used 

in this study, and were considered an adult if they were older than 120 days.  

 

2.2.2 ON crush  

Mice enter the critical period of visual development from around P19 to P32 of their 

life (Gordon and Stryker 1996). In standard laboratory rearing conditions, the visual 

cortex remains somewhat plastic in young adults, up to approximately P110 

(Lehmann and Lowel 2008; Sawtell et al. 2003). Only adult mice were used, as the 

study aimed to mimic an acute injury in a fully developed adult visual system, thus 

ensuring developmental factors did not interfere with the results. Time points of 2, 7, 

14 and 28 days post ON crush were chosen, based on the questions asked for this 

project, and the available literature on this injury model. The 3 second duration of the 

crush was also chosen based on published literature (Gellrich et al. 2002; Templeton 

and Geisert 2012), as only mild to moderate ON injury was desired. The same 

investigator, using self-closing forceps, performed all ON crushes. These provided a 

fixed closing force (measured as 1.47 N), and ensured all ON crushes were as 

uniform as possible. The major advantage of this model is that due to the unilateral 

nature of the injury, the healthy eye can serve as a control. The ON crush model was 

based on practical procedure guides published by Templeton and Geisert  
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(Templeton and Geisert 2012) and Tang et al. (Tang et al. 2011b). All surgical 

recovery procedures were performed under sterile aseptic conditions, in designated 

surgical facilities. Instruments were sterilized by immersion in a high heat silicone 

bead sterilizer, while gloves and the surgical area were both sterilized using 70 % 

ethanol. Anaesthesia was induced using 4 % Isoflurane in oxygen, with 0.5 L/min 

flow rate, in an induction chamber. An injection of NSAID (1mg/kg, Metacam) was 

administered subcutaneously, to alleviate post-operative pain and inflammation. The 

mouse was transferred to a rotating platform, and placed on its side with a nose cone 

providing the flow of 2-2.5 % Isoflurane in 0.3 L/min Oxygen for maintenance of 

anaesthesia during the surgery. The conjunctiva at the temporal inferior quadrant of 

the eye was gently lifted with straight tip forceps, and an incision made in the 

conjunctiva with small tip scissors, taking care to avoid cutting any of the extra 

ocular muscles. The eye was then rotated towards the nose, by gripping the edge of 

the conjunctiva with straight forceps, and the tips of the self-closing forceps (Dumont 

no7) were then inserted behind the globe, in the temporal part of the eye. The ON 

was clamped for 3 seconds, before the forceps were withdrawn, and the eye was 

rotated back to its normal position. At this point, moderate to severe mydriasis 

should be observed, indicating a successful ON injury. Ophthalmic viscotears were 

gently applied onto the eye immediately (using sterile sponges), and the eye fundus 

inspected with an ophthalmoscope, to confirm an intact ophthalmic artery and retinal 

blood supply to the ON-crushed eye. Finally, an ophthalmic ointment containing 1 % 

Chloramphenicol was applied to the eye and the eyelid, to minimise the chance of a 

post-operative infection. The mouse was then allowed to recover from anaesthesia, 

monitored a few times on the day of surgery, and then once daily from there on after.   



38 
 

Direct damage to the ON produces acute pupil dilation, however, the pupil recovers 

its normal size and function shortly after the procedure is complete. No bleeding 

should be observed during the procedure, however, there is a possibility of minor 

bleeding due to the area being highly vascularised with blood vessels, but this should 

stop immediately. Entering the globe via the inferior temporal quarter gives the best 

chance of avoiding damage to the blood vessels (Templeton and Geisert 2012). 

Throughout this study, no cases were encountered where bleeding did not resolve 

during the procedure. Other post-operative side effects that may arise are infection 

and loss of muscular control, however, these are uncommon and none were observed 

during this study. All eyes and ONs were collected post-mortem, for further 

histological studies. 

 

2.2.3 Cranial window surgery 

Anaesthesia was induced in an induction chamber, at 3-4 % Isoflurane with a 0.3 

L/min Oxygen flow. Mice were administrated with NSAID (1mg/kg, s.c., Metacam) 

for analgesia and dexamethasone (2mg/kg, i.m.) to prevent cerebral oedema. Mice 

were placed on a heating pad (to maintain their body temperature at 37°C), and 

placed in a stereotaxic frame.  

Anaesthesia was maintained at 2-2.5 % Isoflurane, with a 0.3 L/min oxygen flow. 

Eyes were covered with a protective ophthalmic cream, and hairs on top of the skull 

were set back with liquid plaster (Germolene New Skin), before being disinfected 3 

times with both 70% Ethanol, and Betadine solution. The skin on top of the skull was 

removed, and the edges of the incision were attached to the skull with liquid sutures 

(3M™ Vetbond™ Tissue Adhesive). The custom-made steel headplate was attached 

to the skull with dental acrylic (C&B-Metabond®), leaving the circular 6 mm skull 
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area of interest exposed over the V1b.  A square (2.5 x 2.5 mm) craniotomy was 

made, and the skull flap was completely removed and replaced with glass. The glass 

window was produced by gluing a small square (2.5 x 2.5 mm) of glass, to a 6 mm 

round cover-glass, using UV curable adhesive (Norland Optical Adhesives 61). The 

edges of the glass were secured to the skull using liquid sutures and dental acrylic. 

The mouse was then placed in the heated recovery chamber, and was typically 

observed to be eating, and moving around within 30 minutes. 

 

2.2.4 Chronic ISI procedure 

Repeated recovery ISI recordings were performed by inducing anaesthesia with 3% 

isoflurane, with a 0.5-0.7 L/min oxygen flow, in an induction chamber. The mouse 

was then head-attached to the custom head holder, with 2 screws positioned in the 

implanted headplate, and placed on the stage on top of the heated blanket (set at 

37°C). ISI was performed while maintaining constant anaesthesia of 0.7-0.8 % 

isoflurane, with a 0.3 L/min oxygen flow, and a sedative (25 µg, i.m., 

chlorprothixene).   

 

2.2.5 Terminal ISI procedure 

Anaesthesia was induced by placing the mouse in an induction chamber in 4 % 

Isoflurane, with a 0.5 L/min oxygen flow. The mouse was the removed from the 

induction chamber, and placed on a heating pad that was set to maintain body 

temperature (37°C). For terminal experiments, anaesthesia of 1.5 % Isoflurane, with 

a 0.3 L/min oxygen flow, was administered via a nose cone, with the supplement of a 

sedative (25 µg, i.m., chlorprothixene). The mouse was connected to an ECG 

monitor, and its heart rate, in bpm, was monitored throughout the procedure. A 
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normal heart rate was considered to be in the range of 350 to 550 bpm (dependent on 

sedative and anaesthesia level). Local anaesthetic (0.05 ml, Lidocaine) was injected 

under the skin, at the site of the projected incision. A subcutaneous incision was 

made using scissors, and the skull above posterior pole of the right cortical 

hemisphere was exposed. By identifying sagittal and lambdoid sutures, the 

approximate location of mouse visual cortex was identified, and the area cleaned of 

periosteum and tissue debris. The area was then sealed with 3 % agar, with a round 

glass window (9 mm in size) placed on top.  

 

2.2.6 Periodic ISI protocol 

A light source with interchangeable bandpass filters was positioned to achieve 

optimal illumination of the surface cortical blood vessels, using green light (546 nm) 

(Figure 2.1). The CCD camera focus was manually adjusted on superficial blood 

vessels on the surface of the exposed brain. The filter was changed from green, to red 

light (700 nm) for intrinsic imaging, and camera focus was adjusted to 150-200 µm 

below the cortical surface. Automatic computer controlled dual shutters were used to 

present stimuli to one eye at a time. The mouse was presented with a 120 s periodic 

stimulus, generated by VSG5 (Cambridge Research Systems), which consisted of an 

upwards drifting bar of 30 degrees in length, and 2-4 degrees width, presented to the 

binocular visual field at the rate of 0.125 Hz (Figure 2.1). Images were acquired with 

the Imager 3001 (Optical Imaging Inc, Mountainside, NJ), running on VDAQ 

software. The screen was positioned in front of the mouse at a distance of 14 cm. 

Each eye was presented with the same stimulus, in alternation, for 6 repetitions.  
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Figure 2.1 ISI setup and output 

(A) A typical ISI setup. The mouse was presented with a stimulus. While the light 

source is illuminating the cortical surface, the camera is acquiring the images. The 

acquired images were collected by the computer, which also generated the visual 

stimuli. (B) The mouse was presented the visual stimuli to one eye at the time, and 

phase and magnitude maps were generated from the acquired images. (Key:  A – 

anterior, L – lateral.) 
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2.2.7 Data analysis  

ISI data was analysed using a custom written MATLAB script. The signal was 

extracted using Fast Fourier Transformation (FFT), from 6 stimulus repetitions per 

eye. The CCD camera acquired images at a resolution of 748 x 572 pixels, at a rate 

of 40 ms/frame. These were then down sampled to a resolution of 250 x 191 pixels, 

where one pixel represented 20 x 20 µm. The time series of images from the 6 

repetitions were averaged, and the signal was extracted using Fourier decomposition. 

Activity maps were generated from the amplitude and phase of the periodic signal, in 

a pixel-by-pixel manner. Once activity maps had been obtained, the ROI was 

determined, thresholding at 60 % of the maximum pixel value. The average pixel 

response value within the ROI was then calculated for maps from both eyes. The 

ODI was calculated using the following formula: 

 

𝑂𝐷𝐼 =
𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 − 𝐼𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙

𝐶𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 + 𝐼𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙
 

 

2.2.8 Statistical analysis 

Numerical data was stored and analysed using Microsoft Excel software.  Statistical 

analysis was performed using SPSS software. A Student t-test (if data were normally 

distributed), or a non-parametric Mann-Whitney U test was performed to compare 

the data sets. P values < 0.05 were accepted as significant.  All data was presented as 

means ± standard deviation (s.d.), unless stated otherwise. 

 

2.3 Results 

In the experimental ON crush group, the eye contralateral to the imaged hemisphere 

received the ON crush, and the ipsilateral, intact eye served as the control.  These 
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experiments were performed on two cohorts of mice: one that was imaged once 

(terminal), and a chronic cohort that was imaged repeatedly. All response magnitudes 

are expressed in ΔR/Rx10-4. The terminal cohort was imaged through the skull, thus 

the response magnitudes were much lower than that of the chronic cohort of mice, 

where imaging was carried out by replacing the skull flap with glass. 

Remaining cell numbers in the GCL of the eye that received ON crush were 

quantified and it was found that 15% (p< 0.01) of all cells are lost from GCL 7 days 

after ON crush and 43% (p< 0.001) after 14 days with no further significant cell loss 

observed after 30 days (normal adult n=7; 7d ON crush n=4; 14d ON crush n=3; 30d 

ON crush n=3).  

 

2.3.1 ISI responses in V1b of normal adult mice 

Normal (pre-crush) adult mice (n=6), >8 months old, had an average ODI of 0.17 ± 

0.04. Presenting stimuli to the contralateral eye invariably resulted in stronger 

magnitude maps in V1b, in comparison to presenting stimuli to the ipsilateral eye 

(Figure 2.2).  
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Figure 2.2 V1b response magnitudes to individual eye stimulation, in normal adult 

mice. 

(A) Magnitude and phase maps in a normal adult mouse, to individual eye 

stimulation. (B) Average V1b response magnitudes to individual eye stimulation in 

normal adult mice (n=6). (Key:  A – anterior, L – lateral). 

 

2.3.2 ISI responses are diminished in V1b immediately after the unilateral ON 

crush 

In the terminal cohort after completion of the first ISI session, the ON of the eye 

contralateral to the image cortical hemisphere was crushed immediately. Mice were 
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not allowed to recover from anaesthesia, however, a minimum of 30 minutes were 

allowed to restore the normal pupil reflex, before performing a second imaging 

(n=2). It was observed that the response magnitude through the contralateral eye was 

significantly decreased, from 0.74 ± 0.03, to near noise levels at 0.12 ± 0.01, 

immediately after the ON crush, while the response magnitude from the ipsilateral 

eye remained unchanged. As expected, a drastic ODI shift from 0.16 ± 0.02, before 

the ON crush, to -0.63 ± 0.03 immediately after the crush was observed (Figure 2.3).  

 

 

Figure 2.3 ISI responses immediately after unilateral ON crush 

An example of binocular cortex responses, 30 minutes after the crush of the 

contralateral ON. A negative shift in ODI towards the ipsilateral eye was observed 

immediately (Key:  A – anterior, L – lateral). 
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2.3.3 ISI responses stay diminished in V1b after long term unilateral ON crush 

In the terminal group, during long term follow-up (2-4 weeks) after a contralateral 

ON crush, a similar ODI shift towards the non-crushed eye was observed, along with 

an ODI of -0.67 ± 0.12 (n=7) (Figure 2.4). The ODI was shown to be significantly 

reduced (p<0.001), when compared to 0.17 ± 0.04 in normal age matched animals. 

Response magnitudes from the eye that received the crush (n=7), were observed to 

be significantly decreased (p<0.001), to 0.15 ± 0.05, when compared to normal 

values of 0.79 ± 0.08, that were observed in normal adults (n=6). The response 

magnitude for the stimulation of the ipsilateral eye was found to have significantly 

increased (p<0.05), to 0.72 ± 0.15, when compared to a value of 0.55 ± 0.08, that 

was found in normal animals (n=6).  
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Figure 2.4 Response magnitudes of V1b and ODI of normal adults, and after long 

term follow-up after contralateral ON crush 

(A) Average V1b response magnitudes to individual eye stimulation in normal adults, 

and in contralateral ON crush groups.   (B) Bar graph showing ODI of normal 

animals (n=6), and animals that had received an ON crush 30 mins earlier (n=2), or 

2-4 weeks earlier (n=7). 

 

2.3.4 Responses of V1b in the same animals, before and after the unilateral 

ON crush 

Chronic ISI imaging was performed on the same mice (n=10), before and after the 

unilateral ON crush. The signal from the contralateral eye was completely abolished 

after the ON crush. The ODI was reduced from 0.08 ±0.04 before the crush, to -0.75 
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±0.03 after the crush. The signal magnitude in V1b when presenting stimuli to 

contralateral eye decreased dramatically, from 1.4 ± 0.3, to 0.22 ±0.05 (p < 0.001). 

The signal magnitude in V1b, when presenting visual stimuli to the ipsilateral eye, 

increased slightly (but not significantly) from 1.2 ± 0.3, to an average of 1.4 ± 0.1, 

after the ON crush (Figure 2.5). There were no significant changes observed in the 

size of the area activated by stimulating ipsilateral eye after the ON crush.   
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Figure 2.5 ODI and individual eye response, before and after ON crush 

 (A) ODI development before and after contralateral ON crush. (B) Signal magnitude 

in V1b when presenting stimuli to the contralateral (ON-crushed) eye (red line), and 

the intact ipsilateral eye (blue line).  (C) Development of V1b magnitude maps for 

both eyes, before and after the ON crush. (Key:  A – anterior, L – lateral.) 
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2.3.5 Stability of V1b responses 

Four chronic ISI image sets were performed on the two 12-month old mice 

longitudinally, at biweekly intervals (Figure 2.6). The ODI was found to remain 

stable at 0.19 ± 0.04 for mouse #1, and 0.26 ± 0.06 for mouse #2, over a period of 6 

weeks.  

 

 

Figure 2.6 Stability of ISI magnitude maps 

Figure panels show magnitude maps obtained from an adult mouse at biweekly time 

intervals, in order to demonstrate chronic ISI imaging stability. (Key: A – anterior, L 

– lateral). 

 

2.3.6 Responses of V1b after sham ON crush 

A sham surgery was performed (n=1), to verify that signal loss does not occur due to 

extraocular damage. The response magnitude through the contralateral, sham-
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operated eye remained stable from the first to the last session, 28 days after sham ON 

crush (Figure 2.7). 

 

Figure 2.7 ISI magnitude maps from a sham ON crush subject 

Figure panels show magnitude maps obtained from a mouse that received a sham 

ON crush, after the first (control) imaging session. (Key: A – anterior, L – lateral.)  

 

2.3.7 Responses of V1b in the OPA1+/- mice 

Responses were obtained from V1b in aged adult OPA1+/- mice, using a chronic ISI 

protocol. The average ODI was 0.15 ± 0.05, in two 13 months old adult OPA1 +/- 

mice (n=2) (Figure 2.8). Using a terminal ISI protocol on a single 19 months old 

OPA+/- mouse, an ODI of -0.02 was obtained. By comparison, under the same 

conditions, an ODI of 0.001 was also obtained from an age matched 15-month old 

control C57BL/6 mouse. No abnormal differences were observed in other parameters 

(such as pixel scatter or individual eye magnitudes) when compared to typical data 

sets from adult mice.  
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Figure 2.8 ISI magnitude and phase maps obtained from OPA1+/- mice 

Figure panels show examples of responses obtained from two adult OPA1+/- mice to 

periodic stimuli.  (Key: A – anterior, L – lateral.)  

 

2.4 Discussion 

The average ODI of a C57BL/6 mouse is typically reported to be around 0.2, 

however, the ODI values in normal mice are known to vary with age and strain 

(Lehmann and Lowel 2008; Ranson et al. 2012). The cohort of aged adult mice (>8 

months old) used, had a slightly reduced ODI of 0.17±0.04, when compared with an 

ODI of 0.22, that has been reported in juvenile mice of the same strain (Cang et al. 

2005; Ranson et al. 2012). An ODI decrease indicates that the relative representation 

of the ipsilateral eye in adults is slightly increased, when compared to contralateral 

representation. This observation has been demonstrated in a study that showed in 
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mice, the ODI reaches its peak of 0.26, at approximately 4 months of age, and then 

reduces to 0.22 at 8 months of age (Lehmann and Lowel 2008). This peak is most 

likely linked to maturation, and the refining of cortical circuits that occurs in juvenile 

mice. In addition, another study from the same group also showed that the quality of 

recordings decreased with age, which results in high individual variability of ODI 

(Lehmann et al. 2012). This is likely to be due to the overall aging of the gross visual 

system, such as the reduction of retinal (Danias et al. 2003) and cortical neurons 

(Devaney and Johnson 1980), and clouding of the lens and cornea. 

It was observed that there was both an acute, and permanent loss of transmission of 

signal to V1b through a crushed ON. This loss of transmission resulted in a highly 

significant difference in ODI between normal adult mice, and all of the ON crush 

groups. The transmission was lost immediately after the crush, and remained lost up 

to the latest time point tested, at 60 days post-crush. In contrast, the signal magnitude 

from the non-crushed eye initially remained unaffected, but then significantly 

increased 2-4 weeks after the unilateral ON crush, when compared to normal adults. 

A possible mechanism behind this increase is activity-dependent network 

reorganisation, that is seen in mice with induced retinal lesions (Keck et al. 2008). It 

was observed that in response to photocoagulation of a small retinal area, dendritic 

spines in layer 5 neurons within the projected lesion zone of visual cortex, had an 

increased rate of turnover, and were fully replaced within a few months. On the other 

hand, when the retinal input was removed by complete retinal photocoagulation, 

these events were not observed. This would suggest that visual experience, or input 

to V1 is essential for this type of network reorganisation (Horton and Hocking 1998; 

Keck et al. 2008). Another mechanism which involves the removal of binocular 

competition, is most likely activated in parallel. It was shown that complete removal 
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of the visual input (for example, in ME) which removes all spontaneous and light 

evoked activity from retina, also eliminates the binocular competition within the 

V1b, allowing the remaining eye to take over and strengthen its inputs (Van Brussel 

et al. 2011).  

It was reported that OPA+/- mice show significant degeneration of RGC dendritic 

trees in retina, around 10-15 months of age (Williams et al. 2010). Differences in 

V1b responses to periodic stimuli of 13 month old mice of OPA1+/- model of 

autosomal dominant atrophy, when compared to normal age matched C57BL/6 mice, 

were not observed. The reduced ODI in a 19 month old OPA +/- mouse is likely to 

be an effect of age, rather than being related to the degenerative disease that this 

strain of mice carry, as a similar ODI in a similarly aged wildtype mouse was 

observed. Younger OPA1 +/- mice retaining a normal ODI was somewhat 

unsurprising, as it was hypothesised that any slow dendritic degeneration in the retina 

(Williams et al. 2010) that is associated with autosomal dominant atrophy would 

occur long term bilaterally. I was, however, expecting to see a decrease in individual 

eye magnitude, or increased scatter as degeneration in retina had begun. These types 

of changes were, however, not evident in my data set, which should be noted, was 

too small (n=3) to draw strict conclusions regarding the lack of changes caused by 

degeneration in the retina, and the ON in V1. 

 

2.5 Conclusion 

We show that acute unilateral ON injury completely abolished signal transmission to 

contralateral V1b. In addition, the findings summarised in this chapter suggest that 

severe and acute injury of the ON in adulthood may evoke plasticity, and network 
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reorganization, allowing the remaining eye inputs to strengthen within V1b  

(Lehmann and Löwel 2008). 
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Chapter 3: In vivo two-photon calcium 

imaging of neurons in V1b after unilateral ON 

crush in adult mice    
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3.1 Introduction 

Neurons located in the V1b integrate information from both the left and right eyes, in 

such way that it allows us to have stereovision, and depth perception. In mice, the 

V1b is located in the lateral side of the visual area, receiving input from both the 

ipsilateral and contralateral eye. Rodents, as with most mammals, are also known to 

possess depth perception (Fox 1965). Only approximately 1 in every 10 RGCs 

project to the ipsilateral V1b, while most other RGCs project to the contralateral 

hemisphere. Due to dLGN relay input, the final eye representation in V1b results in a 

2:1 ratio of the contralateral and ipsilateral eye in V1b (Coleman et al. 2009). 

Furthermore, in mice, visual areas of both hemispheres are connected via extensive 

interhemispheric corpus callosal connections (Cusick and Lund 1981). 

Approximately 70% of all cells in the V1b of the mouse will respond to stimulation 

of either eye, when presented with stimuli in the central 30-40° of the VF (Drager 

1975).  

Unlike in humans, where both eye responses are similar, in a mouse there is a 

distribution bias towards stronger responses obtained when visual stimuli are shown 

to the contralateral eye, rather than ipsilateral eye (Gordon and Stryker 1996). 

However, just like in higher mammals (such as cat and humans), when visual stimuli 

is presented via both eyes, mouse V1b neurons perform binocular integration 

calculations, resulting not only in signal enhancement, but also suppression, relative 

to monocular stimulation only (Scholl et al. 2013). Most neurons in V1 of L II/III of 

the mouse are orientation and direction selective, and can discriminate discrete 

spatial frequencies (Metin et al. 1988; Sohya et al. 2007), however, in rodents these 

neurons are not organised in columns with similar properties, as is seen in higher 

mammals (Hubel and Wiesel 1968). Inhibitory neurons in V1 are known to be 
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significantly less orientation selective than excitatory neurons (Niell and Stryker 

2008). This lack of selectivity was also demonstrated to be true, using calcium 

imaging of GABAergic inhibitory neurons (Sohya et al. 2007). The maturation of 

inhibitory GABAergic neurons that contain PV, and the surrounding perineuronal 

nets, is correlated with the end of the critical period of OD plasticity (Pizzorusso et 

al. 2002). Consequently, a reduction in inhibition reopens the critical period 

plasticity (Harauzov et al. 2010). The exact mechanism of how plasticity occurs in a 

mature brain is not fully understood, however, several molecular pathways have been 

proposed (Gilbert and Li 2012), which are key in controlling the balance between the 

excitation and inhibition of the mature cortical network (Morishita et al. 2010; 

Woodhoo et al. 2009). In the following chapter, I will present a study that was 

undertaken in order to pin point which cells are responsible for the open eye 

potentiation, previously described in Chapter 2.  

 

3.2 Materials and methods 

All procedures performed on animals were carried out in accordance with the UK 

Animals (Scientific Procedures) Act 1986, and the European Commission directive 

2010/63/EU.  

 

3.2.1 Experimental animals 

All of the data presented from experimental animals in this chapter have also been 

used to collect the data for the experiments described in Chapter 2. The ON crush 

was performed as described in Chapter 2.  
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3.2.2 Delivery of calcium indicator 

Cranial window surgery was performed, as described in Chapter 2.2.3. After a 

craniotomy was achieved successfully, 100-200 nl of solution, containing viral 

calcium indicator GCaMp6s (virus titre of 1012-13/ml, University of Pennsylvania 

Vector Core), was injected into V1b of the right hemisphere, at a depth of 200-300 

µm. V1b was defined using stereotaxic coordinates, of 3.2-3.5 mm lateral from 

lambda. The injection was performed using an UltraMicro pump with micro4 

controller (WPI, USA), and a 5µl Hamilton syringe (Hamilton). The Hamilton 

syringe was adapted with RN compression fittings (Hamilton), in order to 

accommodate glass pulled pipettes. In order to achieve the least amount of damage to 

the cortex during virus delivery, sharp glass pipettes, made in-house, were used. The 

glass pipettes were pulled using a horizontal Sutter P-80 pipette puller (to achieve a 

high resistance of 80-100 MΩ), and the tip was then broken off under the dissecting 

microscope, to a diameter of 20-30 µm. After the injection, the virus was left to 

transfect the cells in injection area for 2-3 weeks, before the first session of imaging.  

 

3.2.3 Chronic in-vivo calcium two-photon laser scanning imaging  

Mice were placed under light anaesthesia, of 0.7 % isoflurane and 0.3 L/min oxygen 

flow, and were sedated with Chlorprothixene (25µg). The mice first underwent a 

protocol of periodic ISI, as described in Chapter 2, followed immediately by 2P 

imaging protocol (as described below). 

All in vivo calcium imaging was performed on a custom built 2P microscope (MOM, 

Sutter Instruments), equipped with a Ti:Sapphire laser (MaiTai DeepSee, Newport 

SpectraPhysics) using a 20x lens, 1.00 NA Olympus (N20X-PFH) 2mm working 
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distance, and water dipping objective. The laser was tuned to 940 nm, and the power 

was maintained in the range of 25-35mW, at an indicator. An area of 270 µm x 270 

µm was located in V1b, and imaged using a fast scan configuration at 3.5 fps 

(ScanImage r3.6), while the mouse was presented with visual stimuli, followed a 

blank screen, to one eye at a time. The visual stimuli consisted of a white, 4 degrees 

width bar, being presented as it drifted in black background, followed by 8 seconds 

of a grey background. At every separate presentation, the bar was rotated 22.5 

degrees anti-clockwise, resulting in the presentation of 16 directions (Figure 3.1). 

The screen was tilted at 7-20°, in order to compensate for the tilt of the headplate 

implantation, in alignment with the horizontal eye line. The stimuli were presented to 

alternating eyes for 4 repetitions, and then to both eyes at the same time, for another 

4 repetitions. After each imaging session, the mice were placed in a heated recovery 

chamber, until they were observed to move as normal, before being returned to their 

home cage.  
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Figure 3.1 In vivo calcium 2P microscopy imaging 

(A) A virus was injected into L2-3 of V1b and left to transfect for 2-3 weeks. 2P 

imaging was performed in a single plane in LII/III. (B) During imaging sessions, a 

single drifting bar was presented to binocular visual field at anti-clockwise 22.5° 

rotations, resulting in 8 orientations and 8 opposing directions.  
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3.2.4 Quantification of PV+ interneurons in V1b 

Prior to each functional imaging session, a large z-stack image of V1b was taken at 

1030nm, using a two-photon microscope. Starting at the cortical surface, just below 

the dura, 100 slices of large 800 µm x 800 µm images were taken every 5 µm, within 

the V1b. The Z-stacks were cropped to a depth of 350 µm. PV+ interneurons were 

counted in 5 smaller areas from the z-stack, by randomly assigning a grid using, 

using the Grid plug-in on Image J. The counts were corrected to reflect the density of 

PV+ interneurons, in layer I-II per 1 mm 3. 

 

3.2.5 Calcium signal data analysis  

Calcium signal data was collected in .tiff format files, of 256 x 256 pixels, 2ms/line.  

The collected files were then averaged, and further analysed with custom written 

scripts in MATLAB (Mathworks). The signal response (R) was expressed as: 

𝛥 𝐹

𝐹0
 × 100 % 

The optimal direction was estimated as the direction that elicited the highest R, and 

was denoted as Rmax at optimal direction, whereas the response in the opposing 

direction was denoted as Ropp. The ODI was calculated, as described in chapter 2, 

where -1 indicates bias towards the ipsilateral eye, and +1 indicating a bias towards 

the contralateral eye. 

The orientation selectivity index (OSI) was calculated using the following equation: 

𝑂𝑆𝐼 = 1 − 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 

The direction selectivity index (DSI) was calculated as: 
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𝐷𝑆𝐼 =
𝑅𝑚𝑎𝑥  − 𝑅𝑜𝑝𝑝

𝑅𝑚𝑎𝑥 + 𝑅𝑜𝑝𝑝
 

Other parameters, such as the preferred orientation in degrees (Ɵ°), and mismatch in 

preferred orientation between the two eyes, were also calculated. 

 

3.2.6 Statistical analysis 

Data was recorded and stored in Microsoft Excel. GraphPad Prism (v 6.00) was used 

to make the graphs. All statistical analyses were performed using SPSS statistical 

package (v 23.0). Data was tested for normal distribution, and either a parametric t-

test, or a non-parametric Mann-Whitney U test was used to test significance. 

ANOVA, or Kruskall-Wallis, test was used when comparing more than 2 groups. All 

data was presented as Mean ± s.d., unless otherwise stated. 

 

3.3 Results 

3.3.1 Orientation tuned neuron responses in V1b after unilateral ON crush 

Neurons were detected, and analysed as discrete populations at each time point. All 

neurons, whose maximum responses were in the top 3 quartiles (in response to 

stimulus that was presented to either eye) were included. Orientation tuned neurons 

were defined as neurons, where the OSI > 0.2 (Sohya et al. 2007) (Figure 3.2). 

In each experimental condition and time point, there were between 235 and 323 

orientation tuned neurons detected from the 5 mice studied. In normal mice, the 

mean maximum response (at the optimal orientation) was found to be 134 ± 96 %, 

when stimuli were presented to the contralateral eye. When visual gratings were 

shown to the contralateral eye after an ON crush in that eye, a significant decrease 
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was observed, dropping to 108 ± 106 % in response maximum after 7 days (p<0.05), 

108 ± 90 % after 14 days (p<0.05), and 124 ± 95 % 28 days (p=0.06), after the ON 

crush, when compared to pre-crush (Figure 3.3). 

When visual gratings were presented via the ipsilateral eye to normal mice, the mean 

maximum response was found to be 92 ± 74 %. The mean maximum responses were 

found to increase significantly when visual gratings were presented via the ipsilateral 

eye, rising to 124 ±127 % after 7 days (p<0.001), 145 ± 111 % after 14 days 

(p<0.001), and to 137 ± 109 % 28 days (p<0.001) after the ON crush.  

In addition, the mean OSI of cells in response to stimulation of the contralateral (ON-

crushed) eye significantly decreased from 0.27 ±0.14 in pre-crush animals to 0.21 ± 

0.13, 7 days after ON crush, and remained decreased at further time points. In 

contrast, the OSI was found to increase significantly, from 0.23 ±0.1 in pre-crush 

animals to 0.28 ±0.08, after 7 days post ON crush, when gratings were presented to 

the ipsilateral eye (intact eye), and remained increased at further time points. No 

other significant differences were detected across experimental conditions in other 

parameters that were analysed, such as the DSI, or mismatch between preferred 

orientations in the two eyes. In pre-crush animals, the mean ODI was 0.18 ± 0.34, 

which significantly decreased to -0.05 ± 0.26 at 7 days (p<0.001) post ON crush, -

0.09 ± 0.27 at 14 days (p<0.001), and -0.05 ± 0.3 at 28 days (p<0.001) post ON 

crush.  
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Figure 3.2 Example of orientation tuned neurons after ON crush 

An example of traces from orientation tuned neurons across the four experimental 

conditions. Rmax is plotted against orientation of the drifting bar. Red – 

contralateral stimulation, blue – ipsilateral.  
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Figure 3.3 Mean responses of orientation tuned neurons 

(A)  Graph showing the mean maximum responses of orientation tuned neurons 

across the experimental conditions, after an ON crush (mean ± s.e.m.). (B) Graph 

showing ODI values from individual orientation tuned neurons (mean ± s.d.). (C) 

Graph showing OSI values from both eye stimulations, after an ON crush across the 

experimental conditions (mean ± s.e.m.).  
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3.3.2 PV+ interneuron responses in V1b after unilateral ON crush 

In total, 64 PV+ interneurons were detected and analysed in each imaging session, 

from 4 mice. Neurons whose maximum responses were in top 3 quartiles in each 

session, were selected for further analysis (n=48 from each session) (Figure 3.4).  

In pre-crush mice, the mean maximum response of PV+ interneurons was 70.8 ± 40 

% to contralaterally (crushed ON) presented stimuli, which decreased significantly to 

57 ± 22 % after 7 days (p<0.001), 55 ± 27 % after 14 days (p<0.001e), and then to 51 

± 45 % after 28 days (p<0.001) post ON crush, when compared to pre-crush 

responses. A significant decrease was observed in the mean maximum response of 

PV+ interneurons to stimuli presented to the ipsilateral (intact) eye at 14 days after 

ON crush (p<0.05), dropping from 63 ± 37 %, to 53 ± 29 %, when compared to pre-

crush responses (Figure 3.4).  

The mean ODI was 0.05 ± 0.17, for PV+ interneurons in the pre-crush group. The 

mean ODI of the PV+ interneuron population significantly decreased (p<0.05) to -

0.02 ± 0.12 at 7 days after the crush, and a further significant decrease (p<0.001) to -

0.07 ± 0.14, at 28 days post crush (Figure 3.4). No significant differences were 

detected at other time points, or in any of the other analysed parameters (OSI, DSI 

and mismatch), for responses through either eye.   
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Figure 3.4 PV+ interneurons after ON crush 

(A) Panels of 2-photon images (at 1030 nm) showing the same PV+ interneurons, 

easily identifiable across several discrete imaging sessions. (B) Example traces are 

shown for 3 cells, which correspond to the numbered cells in the images. (C) Graph 

showing the mean maximum responses of PV+ interneurons, when presenting stimuli 

via contralateral or ipsilateral eye, in various experimental conditions. (Mean ± 

s.e.m.) (D) Graph showing individual ODI values of PV+ interneurons, across 

experimental conditions (Mean ± s.d.). A single asterisk indicates a significant 
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difference at p<0.05, while a triple asterisk indicates a significant difference at 

p<0.001.  

 

3.3.3 The density of PV+ interneurons remained unchanged in V1b, after ON 

crush 

PV+ interneuron numbers were quantified in layer I-III V1b of the same mice (n=4) 

longitudinally, before and after they underwent an ON crush of the contralateral eye. 

The mean density of PV+ interneurons in V1b in normal, pre-crush mice was 28832 

± 3417 per 1 mm3. This number remained stable after thee ON crush; 31389 ± 2950 

at 7 days, 30536 ± 955 at 14 days, and 29762 ± 3556 per 1 mm3 at 28 days after post 

crush. There were no significant differences observed in the PV+ interneuron density 

within the same animals over time (Figure 3.5). 

 

Figure 3.5 In vivo structural imaging of PV+ interneurons in V1b.  
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The graph shows the mean density of PV+ interneurons in layer I-III of V1b after an 

ON crush in individual mice (n=4). Each colour represents repeated measures in the 

same animal (mean ± s.d.). 

 

3.4 Discussion 

It is thought that a mechanical injury to ON axons will cause an initial, direct 

degeneration of nerve fibres, followed by severe inflammation, which in turn causes 

secondary neuronal degeneration in the retina (Fitzgerald et al. 2009; Xie et al. 

2010). This secondary degeneration affects axons which are not necessarily directly 

injured, thus resulting in progressive RGC death over time (Fitzgerald et al. 2010). It 

is currently unknown how signal transmission (from the injured ON, to its targets in 

V1) is affected by these stages of degeneration. Using in vivo, two-photon calcium 

imaging, I demonstrated that the response to visual stimuli presented via an injured 

ON, is significantly and persistently reduced after an ON crush in all cell 

populations. However, only the orientation tuned cell population showed a 

significant increase in responses through the intact eye, but not the inhibitory PV+ 

interneurons. This process of open eye potentiation has been extensively documented 

in other models of visual deprivation, such as ME (Nys et al. 2014), and 

pharmacological silencing of the retina (Frenkel and Bear 2004). In fact, in an adult 

mouse model of ME, it has been shown that neurons in the contralateral binocular 

cortex regain responsiveness as soon as 2 days after ME (Nys et al. 2014).  

Additionally, the increase in response of orientation tuned cells is accompanied by a 

significant increase in OSI of neurons responding via the intact eye, along with a 

significant decrease in the OSI of neurons responding via the eye that received the 

ON crush. Both excitatory and inhibitory neurons have a broad range of OSI (Kerlin 
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et al. 2010), however, the mean OSI is lower for inhibitory neurons, as they are 

believed to be less tuned to one orientation (Sohya et al. 2007). OSI has been used to 

investigate the maturation of tuning properties of discrete neuronal populations 

during their development (Kuhlman et al. 2011), and after manipulations, such as 

MD (Rose et al. 2016). 

In contrast to my findings in orientation tuned neurons, a significant decrease in 

mean maximum response of PV+ interneurons to the intact eye was observed at a 

single time point (14 days after ON crush). Additionally, as expected, the activity of 

PV+ interneurons was also decreased significantly at all experimental time points, 

when stimulating the eye that received the ON crush. The recorder activity decrease 

of PV+ interneurons likely to result in a decrease of cortical inhibition. PV+ 

interneurons have been shown to be involved in some types of adult visual cortex 

plasticity (Kaplan et al. 2016), but to date no study, to my knowledge, has 

investigated their role in adult plasticity, following an injury.  

The ODI is widely used as a measure of binocularity after MD in mouse (Cang et al. 

2005), providing an indication of bias towards either eye.  It has been reported that 

the mean ODI value varies, and that it can depend on the method of observation used 

(Cang et al. 2005). The mean ODI of both orientation tuned, and PV+ neuron 

populations, was found to significantly decrease after an ON crush, which correlates 

with the data obtained from ISI experiments (see Chapter 2).  

It was reported that the primary site of degeneration after an ON injury is the retina 

(Templeton and Geisert 2012), however, degeneration has also been reported in the 

LGN, and layers 4 and 5 of the visual cortex in rats, after a complete ON transection 

(You et al. 2012). In addition, in one human case of glaucoma, some degree of 
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degeneration was observed to have occurred across the whole visual pathway, 

including the LGN and the visual cortex (Gupta et al. 2006). Degeneration of the 

LGN was also found in induced glaucoma in monkey (Yücel et al. 2000). In this 

study, no significant change in density of PV+ interneurons was observed in V1, 

after ON crush. This confirms that there is no anterograde degeneration in V1, due to 

the ON crush, however, only one type of cell was surveyed for density (PV+ 

interneuron), and it was assessed for a relatively short period of time (28 days). It is 

however unlikely that there was cell death in other cell subtypes in V1. There were 

also no morphological changes observed during the in vivo single cell calcium 

imaging, of the same areas after the ON crush. 
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Chapter 4: RGC density in human glaucoma 
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4.1 Introduction 

The VF test is a standardised test used in vision clinics worldwide, to detect and 

assess glaucomatous damage. The current, most commonly used testing paradigm, 

Humphrey’s field analyser (Beck et al. 1985), involves a static automated perimeter, 

where the person is asked to fixate on a fixed point, and to respond by pressing a 

button if they are able to detect a light presented to them, in their peripheral VF. The 

Humphrey’s VF test can be performed in many different variations, however, most 

commonly either 54 or 76 test points of the SITA standard (Swedish interactive 

threshold algorithm) algorithm are used, as it is the fastest, most reliable method 

currently available (Sharma et al. 2000). The stimuli size may vary as well, however, 

most typically for patients with close to normal visual acuity, a Goldmann III circular 

stimulus (4 mm2 ) is used (Gilpin et al. 1990).  

The reliability of the VF tests have been widely discussed, and it is accepted that 

results can greatly vary, even within the same patient, in a short time period (Birt et 

al. 1997; Birch et al. 1995). The main cause of the variability is due to fixation losses 

during the test (Johnson et al. 2002). Regardless of variable reliability, Humphrey’s 

VF testing is a gold standard (Burnstein et al. 2000) for glaucoma monitoring and 

detection worldwide (Mitchell et al. 1996; Wadood et al. 2002).  

It is thought that anatomical glaucomatous damage starts, significantly, before any 

functional clinical visual deficits can be detected. This is supported by evidence, that 

a clinically detectable loss of NFL (Sommer et al. 1991), and ONH (Zeyen and 

Caprioli 1993) precede VF defects.  The deficits of NFL and the ONH have been 

shown to correlate in specific retinal regions, when using more advanced imaging 

techniques, such as optical coherence tomography (OCT) (Le et al. 2013; Leung et 

al. 2005; Yamagishi et al. 1997).  
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The spatial pattern loss associated with glaucoma is usually detected using automatic 

perimetry, and is characterised by spatial patterns typical of glaucoma (Figure 4.1). 

The relationship between the RGC loss in glaucoma, and the VF loss obtained by 

automated perimetry in the same patient has only been investigated once, by 

Kerrigan–Baumrind et al. 2000, however, it is still unclear if the cell loss exhibits a 

spatial pattern related to the field loss, and if it is the direct cause for the spatial 

deficits seen in automated perimetry. 

 

 

Figure 4.1 VF loss in glaucoma 

Characteristic VF loss in glaucoma, as detected by the VF test. (Figure adapted 

from:http://www.cehjournal.org/article/visual-field-testing-for-glaucoma-a-

practical-guide/) 

 

In this chapter, the work that was undertaken in order to compare the histological 

RGC loss in human glaucoma, with RGC density in normal eyes, is detailed. In 
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addition, the histological RGC density in human glaucomatous eyes is correlated 

alongside the VF test results, from the same person.  

 

4.2 Methods and Materials 

All experiments involving human tissue were performed in compliance with the 

Human Tissue Act, 2004. 

 

4.2.1 Human tissue source 

The tissue samples that were used for this study were chosen, and age matched from 

the pool of the available samples. Normal (n=6) and glaucomatous (n=12) human 

eyes were retrieved, in accordance with the ethical approval of Lions Eye Bank, at 

the University of Washington, Mayo Clinic, MN, USA. All eyes were collected 

within 24 hours, from time of death (Table 4.1). The anterior sections of the eyes 

were dissected out, and the posterior cup (including the retina), placed in 1-4% PFA 

in 0.1M PBS. Posterior eye cups were shipped to Cardiff University, UK, in 

accordance with a Material Transfer Agreement (MTA), and in compliance with the 

Human Tissue Act 2004. The retinas were then dissected out of the posterior cups, 

and stored in 1-4% PFA in 0.1M PBS, at 4C°. 
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Table 4.1 Retinal donor information 

This table shows the donor information of the tissue used in this study. The table lists 

sample IDs, condition, sex, age, time of death, fixation, presence of VFs with the 

sample and recorded medication taken for glaucoma.  

 

4.2.2 VF data 

Three pairs of glaucoma samples (n=6) were supplied with clinical VF data sheets, 

while others were supplied with some disease treatment history. The clinical test that 

was applied was Humphrey’s 24-2, stimulus size III, and SITA standard. The VF test 

data are presented, in full, in Appendix 1. Normal retinas were not observed to have 

any retinal pathology, and did not have any clinical history.  

Sample 

ID 

Eye Condition Sex Age Time 

of 

Death 

Time of 

Enucleation 

Time to 

Fixation 

VFs Therapy 

GL173L Left Glaucoma F 81 n/a n/a n/a - Lumigan;OD-

Tru 

GL173R Right Glaucoma F 81 n/a n/a n/a - Lumigan;OD-

Tru 

GL177L Left Glaucoma M 84 n/a n/a n/a - Timolol 

GL177R Right Glaucoma M 84 n/a n/a n/a - Timolol 

GL178L Left Non-

Glaucoma 

M 77 n/a n/a n/a - Cosopt, Xalatan 

GL178R Right Non-
Glaucoma 

M 77 n/a n/a n/a - Cosopt, Xalatan 

GL239L Left Glaucoma M 77 05/11/1

1 04:40 

05/11/11 

08:30 

2h 50min + Xalatan 

GL239R Right Glaucoma M 77 05/11/1

1 04:40 

05/11/11 

08:30 

2h 50min + Xalatan 

GL272L Left Non-

Glaucoma 

F 91 7/2/14 

00:22 

7/2/14 02:40 2h 18min + Timolol 

GL272R Right Non-

Glaucoma 

F 91 7/2/14 

00:22 

7/2/14 02:40 2h 18min + Timolol 

GL277L Left Glaucoma F 72 n/a n/a n/a + Zioptan, 

Xalatan 

GL277R Right Glaucoma F 72 n/a n/a n/a + Zioptan, 

Xalatan 

14-

0625R 

Right Normal F 83 25/4/14 n/a 6h 30min - n/a 

14-

0865R 

Right Normal M 66 15/6/14 n/a 10h 30min - n/a 

14-

0899L 

Left Normal M 85 21/6/14 n/a 6h 30min - n/a 

14-

1357L 

Left Normal M 82 19/9/14 n/a 12h - n/a 

14-

1396R 

Right Normal M 82 29/9/14 n/a 8h - n/a 

14-

1398R 

Right Normal M 88 30/9/14 n/a 9h 30min - n/a 
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4.2.3 Preparation of human tissue for two-photon imaging 

The human tissue was fixed in 1-4% PFA in 0.1M PBS, by collaborators at The 

Mayo clinic, USA, upon the enucleation. The posterior section of the eye, including 

the sclera, retina, and the ON, were sent to Cardiff University, UK. The tissue was 

stored in a fixative solution, at 4°C, until further use. Retinal dissection was 

performed under a dissecting microscope. During the dissection, the retina was 

gently teased away from the sclera and RPE (using paint brushes), and a single cut 

was made to separate it, at the ONH. The retina was kept intact as a whole, and 

several peripheral cuts were made with dissecting scissors to flatten it.  The dissected 

retina was kept in 1% PFA solution in 0.1M PBS until further use. Before imaging, 

Hoechst 33342 stain (Life technologies, H1399) was added, at a concentration of 

1µg/ml, and incubated overnight at 4°C. The retina was then rinsed once in 0.1M 

PBS, before two-photon imaging. The retina was then stored in 1% PFA in 0.1M 

PBS Hoechst-free solution, at 4°C, in the dark, both in-between and after imaging 

was complete. 

 

4.2.4 Two-photon imaging of human tissue 

The dissected retina was placed in a petri dish filled with 0.1 M PBS, GCL side up, 

and weighed down with a ‘U’ shaped weight with nylon strings, placed on top of it. 

The retinas were consistently placed in a known orientation, based on the fovea and 

ONH location. The fovea was used as a starting point to calculate the eccentricities. 

A 40x Zeiss 1 NA water immersion objective was moved according to the custom 

imaging grid (Figure 4.2). A single z-stack of high resolution, at magnification x40 

was taken at each of the 76 anatomical locations on the retina, at 740 nm. The 76 

anatomical locations were chosen to be equivalent to the 76 test point locations of the 
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Humphrey’s 30-2 VF. The z-stack was acquired at increments of 5 µm, in z-depth, 

until the cell nuclei of the INL were identifiable. The resulting image z-stack was 

1024x1024 pixels, which represented an area of 350 µm by 350 µm.  

 

 

 

Figure 4.2  Sampling grid and VF maps 

This figure shows the anatomical locations in the right and left eyes, that are 

equivalent to the test points on Humphrey’s 30-2 VF test. Each point is spaced at 

1.62 mm, the optic nerve is labelled as ON, and the fovea as F. Retinal directions are 
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indicated as S – superior, I – inferior, N – nasal, and T – temporal. All density and 

visual field maps are rotated and aligned based on anatomical directions for 

viewing.  

 

4.2.5 Image analysis 

Post-hoc image analysis was performed using the open source image processing 

package, Fiji. Nuclear counts were performed manually, using the Cell Counter plug-

in, on the z-stack of images. All Hoechst positive nuclei were counted in 3 ROIs (200 

x 200 pixels) for each z-stack, before the counts from the 3 ROIs were averaged. The 

performance of various Image-J plug-ins for automated cell counting (which 

included ITCN, Nucleus Counter, and 3D Object Counter (v2.0)) were tested and 

compared, prior to the bulk analysis. None of these automated methods yielded 

continuously reliable results across the different images. This was mainly due to the 

complicated non-linear anatomical arrangement of RGCs in GCL, and the variability 

in cell nuclei sizes and shapes. 

 

4.2.6 Criteria for RGC counts 

GCL and INL can be readily separated by their discrete depth of lamination (Figure 

4.3). Only medium-to-large cell nuclei, that were circular or round, were counted.  

Endothelial cells (which can be recognised by their elongated finger-like nuclei), any 

small nuclei, or any nuclei located in the NFL, were excluded from counting (Figure 

4.3) This, however, did not eliminate the possibility that displaced amacrine cells 

were included in the counts, and therefore a correction for displaced amacrine cell 
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numbers was applied, based on published data from Curcio and Allen (1990) (Table 

4.2). 

 

Figure 4.3 Hoechst stained human retina 

(A) A flatmount GCL view of the retina, (B) a flatmount INL view. Endothelial 

cell nuclei were marked with arrows, and other irregular cell nuclei were marked 

with arrowheads. Both types of cells were excluded from the counts in this study. (C) 

The side view of GCL to INL, demonstrates a clear distinction between the two 

layers. The scale bar is 25 µm. 
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Eccentricity from the fovea 

(mm) 

Percentage of displaced 

amacrine neurons (%) 

0.8 3% 

2.4 10% 

4 24% 

5.6 40% 

7.2 45% 

 

Table 4.2 The corrections applied for displaced amacrine cells 

This table summarises the corrections that were applied to each area, according to 

their eccentricity, based on the study Curcio and Allen (Curcio and Allen 1990).  

 

4.2.7 Preparation of retinal cryosections 

Segments were chosen based on the scores from VF test points, with moderate and 

mild cell loss from each glaucoma retina, were selected and anatomically matched to 

segments from normal retinas (Figure 4.4) Segments of interest were dissected out, 

and placed in 30% Sucrose in 0.1 M PBS, overnight at 4C°. These segments were 

then placed in plastic cryo-molds, in the optimum cutting temperature (O.C.T.) 

embedding matrix (CellPath). The cryo-molds were partially submerged in 

isopentane, which had been cooled with liquid nitrogen, until the matrix appeared 

visually frozen. Samples were then wrapped in parafilm, and stored in sealed plastic 

specimen bags at -20 C°, until cryosectioning. Transverse, 8 µm thickness, 

cryosections were sectioned using a Cryostat (Leica CM3050 S), and were collected 
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on glass slides (Superfrost®Plus, VWR). Slides were allowed to air dry overnight, in 

a 37C° oven, and were stored at -20C° until further use. 

 

Figure 4.4 Areas of retinal dissection 

Retinal segments from the areas shown were dissected out from the four retinas. 

Moderate and mild damage areas were chosen based on VF test scores. Red 

rectangles indicate areas that were classified as moderate damage, and green 

rectangles indicate areas classified as mild damage. The optic nerve is labelled as 

ON, and the fovea as F. Retinal directions are indicated as S – superior, I – inferior, 

N – nasal, and T – temporal. 
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4.2.8 Haematoxylin and Eosin (H&E) staining 

H&E staining was performed on retinal cryosections, that were rinsed in 0.1 M PBS 

for 10 minutes, and incubated in a series of washes of tap water, Harris 

Haematoxylin and Eosin solutions. The slides were then dehydrated, in a series of 

ascending ethanol solutions, before being cleared with xylene, and a coverslip 

applied using DPX mountant (06522, Sigma-Aldrich).   

 

4.2.9 Immunofluorescence staining 

Immunofluorescence was performed by rinsing cryosectioned retinal slides 3 times 

with 0.1 M PBS, before incubating them for 1 hour in a blocking solution, which 

contained 5% normal goat serum (G9023, Sigma-Aldrich), 1 % bovine serum 

albumin (A-7906, Sigma-Aldrich), and 0.1 % Triton X-100 (X100, Sigma-Aldrich), 

at room temperature. The tissue was then incubated with primary anti-glial fibrillary 

acidic protein (GFAP), in the same blocking solution, overnight, at 4 C°. The tissue 

was then rinsed 3 times with 0.1 M PBS, and incubated for 1 hour with the 

appropriate secondary antibody, at a dilution of 1:1000, in 0.1 M PBS, at room 

temperature, in the dark. Retinal segments were then rinsed a final 3 times with 0.1M 

PBS, before being incubated in a 0.1 µg/mL solution of Hoechst 33342 (H1399, Life 

Technologies) nuclear stain in dH2O, for 5 minutes. Retinal sections were covered 

with a drop of FluoromountTM (F4680, Sigma-Aldrich) aqueous mounting medium 

placed on top of the tissue, before applying a glass coverslip. The edges of glass 

slides and coverslips were sealed from the air, by placing a thin layer of nail polish 

across the edges. The stained slides were stored, in the dark, at 4 C°, and imaged 

within 2 weeks.  
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4.2.10 Microscopy 

Images of the H&E stained slides were collected using a simple light microscope. 

Images of the fluorescent dyes were collected using epifluorescent microscope, fitted 

with a standard fluorescent filter set.    

 

4.2.11 Image analysis 

Post-hoc image analysis was performed using an open source image processing 

package, Fiji (Image-J). Both the cell and object counts were performed using the 

Cell Counter plug-in.  

 

4.2.12 Statistical analysis 

Statistical analysis was performed using the SPSS statistical package. An unpaired t-

test was performed if the data fulfilled the assumptions of a parametric test, such as 

normal distribution. A non-parametric, Mann-Whitney U test was performed to 

compare the other data sets, that did not fit the parametric criteria. Spearman’s 

correlation was performed in order to correlate data sets. All values shown are mean 

± standard deviation, and the threshold for statistical significance was p≤0.05.  

 

4.3 Results 

4.3.1 Exclusion of samples 

After performing an H&E stain on retinal cryosection samples from donor GL178, 

they appeared to contain no photoreceptor layer, a thickened NFL, and astrocytic 

infiltration, as shown in Figure 4.5. This indicated that a glaucoma diagnosis prior to 

death was either incorrect, or secondary to another unknown pathological condition. 
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This sample was omitted from the study. The VF tests from donor GL272 did not 

show significant deficits associated with a glaucoma diagnosis, and after consulting 

with Professor James Morgan (Appendix 1), this donor was also omitted from the 

final results presented in this chapter. In summary, a total of four retinas (GL178L, 

GL178R, GL272L and GL272R), from 2 subjects (n=4) were completely omitted 

from the study, as these samples were suspected to have been misdiagnosed, and did 

not conform to the study’s inclusion criteria, of a mild to moderate glaucoma 

diagnosis. 

 

 

Figure 4.5 Excluded retinal samples 
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An example of the excluded sample, GL178R. The NFL of a normal retina is shown 

in panel A, and the NFL of sample GL178R, is shown in panel B. The H&E stained 

section of normal retina is shown in panel C, and GL178R section of the retina is 

shown in panel D. The scale bar is 25 µm for panels A and B, and 100 µm for panels 

C and D.   

 

4.3.2 Final tissue summary 

In the final data set, there were 6 independent retinas from normal donors, and 8 

retinas from 4 glaucoma donors. The average age of the normal tissue used in this 

study was 78.5±4.0 years, and the average age of the glaucoma donor tissue was 

81±6.5 years.  A minimum of 61 areas, out of a possible 76, were imaged in each 

retina, with the individual sample details listed in Table 4.4. In most cases, the peak 

density of RGCs occurred at 0.8 mm from the fovea, except in one glaucoma sample, 

where the peak was found to occur at 2.4 mm eccentricity from the fovea. The 

quadrant of peak density was found to vary greatly, however, the peak was most 

commonly found in the inferior-temporal quadrant in 6 out of 14 samples. 
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Table 4.3 Tissue summary 

This table lists the final tissue used in the study, including the conditions, age, 

presence of the VFs, the number of fields imaged, the peak of RGC density, quadrant, 

and eccentricity of the peak density. 

 

Sample 

ID 

Eye Condition Age VFs Areas 

Imaged 

(out of 76) 

Peak RGC 

density 

(mm2) x1000 

Quadrant 

of peak 

Eccentricity 

of peak (mm) 

14-0625R Right Normal 83 - 69 23.1 S-N 0.8 

14-0865R Right Normal 66 - 76 28.7 S-N 0.8 

14-0899L Left Normal 85 - 75 28.8 I-T 0.8 

14-1357L Left Normal 82 - 66 18.7 I-N 0.8 

14-1396R Right Normal 82 - 61 23.1 I-N 0.8 

14-1398R Right Normal 88 - 71 22.1 I-T 0.8 

  Mean 81  70 24.1   

  s.d. ±6.5  ±5.1 ±3.3   

         

GL173L Left Glaucoma 81 - 74 25.7 I-N 0.8 

GL173R Right Glaucoma 81 - 75 25.1 S-T 0.8 

GL177L Left Glaucoma 84 - 71 7.5 S-N 2.4 

GL177R Right Glaucoma 84 - 76 15.3 S-T 0.8 

GL239L Left Glaucoma 77 + 73 12.6 I-T 0.8 

GL239R Right Glaucoma 77 + 75 15.9 I-T 0.8 

GL277L Left Glaucoma 72 + 75 26.7 I-T 0.8 

GL277R Right Glaucoma 72 + 75 21.3 I-T 0.8 

  Mean 78.5  74 18.8   

  s.d. ±4.0  ±1.5 ±6.5   
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4.3.3 Comparison of normal control subject RGC density with published data 

The cell count data from the normal samples in this study matched closely with the 

data published from normal retinas by Curcio and Allen (1990), which were provided 

by Curcio (2013) (Figure 4.6). The significant differences at 0.8 mm eccentricity 

between the data sets is likely to be explained by the significantly older average 

donor age in this study (81 ± 6.5 years old (n=6)) than the study by Curcio and Allen 

(1990), in which the average donor age was 33.8 ± 3.5 years old (n=5). No 

significant impact on any of the overall results was observed when amacrine cell 

correction (Table 4.2) was excluded.  
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Figure 4.6 Cell count comparison with previously published data  

The graphs show the combined normal subject RGC density count comparison 

across vertical and horizontal meridians, against data published by Curcio and Allen 

(Curcio and Allen, 1990). The diagrams on the right indicate the regions that were 

included. Anatomical directions are indicated as S – superior, I – inferior, N – nasal, 

and T – temporal. 

 

4.3.4 The Density of RGCs were reduced in glaucomatous retinas 

On average, the overall density of RGCs were reduced in all glaucoma retinas (n=8), 

when compared to retinas from normal patients (n=6) (Figure 4.7). The percentage 

difference of RGC loss was also calculated in the average glaucoma (n=8), and 

compared to average, age-matched, normal retinas (n=6), as a reference point (Figure 

4.7C). Significant cell loss was found to occur in spatial pattern, where 18 out of 76 

areas were found to have a significantly reduced RGC density (Mann-Whitney U 

test, p≤0.05) (Figure 4.7). Additionally, the overall RGC density was also 
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significantly reduced (Mann-Whitney U test, p≤0.05) at certain eccentricities across 

vertical and horizontal meridians, when compared to normal, age-matched controls 

(Figure 4.8). The greatest cell loss across vertical axis was found to occur at 0.8 mm 

eccentricity in the superior hemiretina, and at 2.4 mm in the inferior hemiretina. The 

greatest cell loss across horizontal axis in glaucoma, however, was found to occur at 

all investigated eccentricities in the temporal hemiretina, from 0.8-7.2 mm.  
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Figure 4.7 RGC density maps in the GCL of average normal retinas, and in 

glaucoma 

The figure shows a map depicting the combined average of normal (A), and 

glaucoma (B) RGC density in GCL, with red colours depicting high density, while 

blue depicts low density. The map of % difference of RGC loss between all normal 

and glaucoma samples is shown in C. Panel D shows a diagram of the anatomical 

sampling points, and locations where the significance value of p≤0.05 are marked 
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(black square outline) (D). The graphs in panel E show RGC density along the 

horizontal and vertical meridians. Anatomical directions are indicated as S – 

superior, I – inferior, N – nasal, and T – temporal. 

 

 

Figure 4.8 RGC density across the vertical and horizontal meridians 

The average density of the areas around the horizontal and vertical meridians were 

taken, as shown in diagram next to the plotted graphs. Error bars indicate the 

standard deviation. Anatomical directions are indicated as S – superior, I – inferior, 

N – nasal, and T – temporal.*p≤0.05 and *** p≤0.001 significance levels. 

 

4.3.5 High variability in RGC density within the group of glaucoma subjects 

The coefficient of variation (CV), was calculated at each eccentricity across the 

vertical and horizontal meridians for both groups, using the following equation: 

𝐶𝑉 =
𝑠. 𝑑.

mean
 × 100 % 
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For the horizontal meridian, the average CV was 30.4 % in glaucoma donor samples 

(n=8), and 19.3 % in samples from normal donors (n=6). For the vertical meridian, 

the average CV for glaucoma samples was 24.4 %, and 17.9 % from normal donors. 

The higher CV in the glaucoma samples indicated that there was an increased 

variability, or spread, in data of RGC density distribution of then glaucoma samples, 

than in the normal samples (Figure 4.9). 
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Figure 4.9 The RGC density across the vertical and horizontal axis of normal, and 

glaucoma retinas 
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The graphs show the RGC density in GCL of the vertical and horizontal axis from 

each individual retinal sample. Anatomical directions are indicated as S – superior, I 

– inferior, N – nasal, and T – temporal. 

 

4.3.6 Correlation of the density of RGCs in individual areas of glaucomatous 

retinas, with the VF test data within the same donor retina 

Sensitivity is the numerical measure obtained during VF testing expressed in 

decibels, it provides information on the brightness of the spot of light presented to 

the specific part of the retina that patient was able to correctly identify. Whereas total 

deviation is a measure extrapolated from an existing database of age-matched patient 

records, which shows mean sensitivity difference compared to age-matched 

population of same sex.  Both sensitivity and total deviation  measurements obtained 

from VF data (Appendix 1) were compared to the RGC density and percentage RGC 

loss in each individual glaucoma retina (n=4) (calculated against age matched 

densities of normal samples (n=6)) (Figure 4.10 and Figure 4.11). No significant 

correlation (Pearson’s correlation) was detected in the relationship between any of 

the cell densities, or percentage RGC loss, when compared to the VF sensitivity and 

the total deviation (Figure 4.12).  
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Figure 4.10 RGC density of sample GL277, compared with maps obtained from the 

VF test data 
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The column of maps on the left hand side displays the RGC densities of GL277 left 

and right retinae. The middle column displays the percentage RGC loss in individual 

retinas, compared to normal age-matched retinas (n=6). The right hand side column 

shows the maps obtained from the VF test data. The VF test maps are expressed in 

grey scale, where darker colours indicate a greater loss of sensitivity. The maps are 

rotated in correspondence to the anatomical locations listed in the figure. 

Anatomical directions are indicated as S – superior, I – inferior, N – nasal, and T – 

temporal. The white circle indicates the fovea, and the black ellipse indicates the 

ON.  
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Figure 4.11 RGC density of sample GL239, compared with maps obtained from the 

VF test  
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The column of maps on the left hand side displays the RGC densities of GL239 left 

and right retinae. The middle column displays the percentage RGC loss in individual 

retinas, compared to normal age-matched retinas (n=6). The right hand side column 

shows the maps obtained from the VF test data. The VF test maps are expressed in 

grey scale, where darker colours indicate a greater loss of sensitivity. The maps are 

rotated in correspondence to the anatomical locations listed in the figure. 

Anatomical directions are indicated as S – superior, I – inferior, N – nasal, and T – 

temporal. The white circle indicates the fovea, and the black ellipse indicates the 

ON. 
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Figure 4.12 The correlation of sensitivity and total deviation with RGC loss 

The graphs show the percentage RGC loss of individual glaucoma samples plotted 

against VF test sensitivity (left), and total deviation from the mean of the age-

matched population (right). R indicates Spearman’s correlation, where 1 is a 

positive correlation, 0 is no correlation, and -1 is a negative correlation.  
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4.3.7 Peak cell loss in glaucoma showed correlation with the summary findings 

of the VF test  

The overall mean percentage RGC loss was calculated, before using the peak RGC 

density to calculate if there were any statistical correlations between the clinically, 

commonly used general summary parameters of the mean deviation index, and the 

mean pattern standard deviation (PSD), which is typically used to measure focal loss 

in glaucoma (Appendix 1). As the human glaucoma retina sample size was small 

(n=4), the data did not have normal distribution, therefore Spearman’s rank 

correlation coefficient was calculated. The peak RGC density in all four eyes was 

found to be highly positively correlated with the mean deviation index (rho 1), and 

negatively correlated with pattern standard deviation (rho -1). However, the mean 

percentage loss was not correlated with mean deviation index (rho 0.8), nor with 

pattern standard deviation (rho 0.8).  
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Figure 4.13 The mean deviation index and pattern standard deviation in glaucoma 

(A)A graph showing overall RGC percentage loss and peak density, plotted against 

the mean deviation index and PSD. Only the peak RGC density (and not cell loss) 

was significantly correlated with the mean deviation index and PSD. (B) A table 

listing the mean deviation indices, PSDs, and other average parameters for each 

retina.  

 

4.3.8 Overall inner retinal layer thicknesses are reduced in glaucoma, compared 

to normal subjects 

Significant differences were found in the thickness of the inner retinal layers of 

glaucoma retinas, when compared to the same anatomical areas of retina in normal 

subjects (Figure 4.14). The ILM-GCL thickness was significantly reduced (Student t-
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test, p≤0.001) in glaucoma, from 18.9±2.6 µm to 8.7±1.5 µm. The IPL thickness was 

also significantly reduced (Student t-test, p≤0.001), from 26.9±3.2 µm to 15.1±1.9 

µm in glaucoma. The INL was also showed a significant reduction (Student t-test, 

p≤0.001), from 26.5±2.8 µm in normal retinas, down to 19.2±1.9 µm in glaucoma. 

  

 

Figure 4.14 Inner retinal layer thicknesses of both glaucoma, and normal subjects 

The graph depicts the average layer thickness of glaucoma (n=4,) and normal (n=3) 

ILM to GCL, IPL and INL layers, derived from H&E stained frozen cryosections. 

Asterisks indicate significance level of p≤0.001.   

 

4.3.9 The thickness of inner retinal layers within the same glaucoma retina 

Areas of mild to moderate damage were defined, based on the VF test data 

(Appendix 1) (Figure 4.15). The inner retinal thickness of several, separate spatial 

regions within the same glaucomatous eyes were measured, and their thickness was 
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compared within the same retina. No significant differences in layer thicknesses were 

observed in ILM to GCL and IPL in any of the individual samples within glaucoma 

(Figure 4.15). When glaucoma samples with the same degree (mild or moderate) of 

damage where combined and compared, no statistical differences were detected 

between mild or moderate damage regions in glaucoma (Figure 4.16).  
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Figure 4.15 Inner retinal layer thicknesses in regions of variable damage, within 

the same glaucomatous retina 

The graphs display the retinal thicknesses of ILM to GCL, IPL and INL, in moderate 

and mildly damaged areas of individual glaucoma retinas. The diagrams of the 

anatomical locations on the VF tests are shown alongside, with mildly damaged 

areas outlined in green and moderately damaged areas outlined in red. 
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Figure 4.16 Inner retinal layer thicknesses in moderate, and mild glaucoma 

damage, and in normal samples 

(A) The thicknesses of ILM-GCL, IPL and INL in moderate glaucoma damage (n=4), 

mild glaucoma damage (n=4), and normal retinas (n=3). (B) A number of H&E 

stained images, showing typical examples of moderate, and mild glaucoma, as well 

as normal retinal segments.  

 

 4.3.10 GFAP activation in human glaucoma retina  

Increased GFAP staining is associated with greater astrocytic activity and gliosis. 

The GFAP fluorescence intensity was measured post-hoc, in the retinal layers of 

ILM to IPL, and INL, separately. No marked GFAP activation was observed in 
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glaucoma retinas, as was shown in Figure 4.17. In fact, GFAP labelling appeared to 

be reduced in ILM to IPL of the glaucoma retinas, which was most likely due to their 

significantly reduced layer thicknesses, compared to the layer thickness in normal 

retinas.  

 

Figure 4.17 GFAP activation in human retina 

(A) GFAP fluorescence intensity in moderate (n=4), and mild (n=4) glaucoma, and 

in the normal retina (n=3), across ILM to IPL and INL. (B) Typical examples of 

images of a negative control (where the primary anti-GFAP antibody was excluded), 

a glaucoma retina, and a normal retina. The blue staining was from Hoechst nuclear 

stain, and the red staining was from GFAP.  
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4.4 Discussion 

Two pairs of donor glaucoma eyes were excluded from this study, after some of the 

initial experiments determined that they were unsuitable. One pair was excluded on 

the basis of the VF data, as it was suspected that the patient had ocular hypertension 

only, and not glaucoma. In 50 % of cases, ocular hypertension often leads to the 

development of glaucoma (Pederson and Anderson 1980), and very often treatment 

is administered to delay the onset of glaucoma (Kass et al. 2002). The peak density 

of RGCs in human retina was found to be located at eccentricities of  less than 1 mm, 

similarly to what was reported in a landmark study, by Curcio and Allen (1990). In 

addition, the cell counts obtained from the normal human patient retina closely 

resembled the cell counts obtained in the same study (Curcio and Allen 1990). There 

was a clear reduced peak RGC density at 0.8 mm eccentricity, when comparing the 

obtained data set, to the data published by Curcio and Allen (1990). As previously 

explained, this difference was most likely to be due to the significantly different age 

groups that were surveyed in these studies. It is estimated that as humans age, 0.5% 

of the total RGC axons are lost every year (Calkins 2013), along with 0.5% of RGCs 

in the central retina, and a further 0.3% of RGCs in the peripheral retina (Curcio and 

Drucker 1993; Harman et al. 2000). The overall RGC density was significantly 

reduced in a specific spatial pattern in all glaucoma donors, when compared to all 

age-matched normal donors (Figure 4.7). This finding closely supports the current 

knowledge of glaucoma progression, in that RGC loss is selective, and follows a 

characteristic spatial pattern (Quigley et al. 1987; Glovinsky et al. 1991).  The areas 

with most significant losses were located in the anatomical inferior hemiretina, and 

in the temporal hemiretina along the horizontal meridian (Figure 4.18). Most of the 

significant areas affected are supplied by the arcuate axonal fibres (Fitzgibbon and 
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Taylor 1996). It is thought that when arcuate axonal fibres are damaged, they are 

responsible for the spatial pattern of the VF loss in glaucoma (Hoyt et al. 1973; 

Schiefer et al. 2010) (Figure 4.18). 

 

 

Figure 4.18 Arcuate retinal fibres 

(A) Illustration showing arcuate retinal fibres, and corresponding VF damage in 

glaucoma (G. A. Cioffi 2016). (B) Areas in glaucomatous retinas that were found to 

have significantly reduced (outlined by a black square, Mann-Whitney U test, 

p<0.01) RGC density, compared to RGC density in normal retinas. 

 

A high inter-individual variability in the RGC density data from glaucoma patients 

was observed (Figure 4.9). This is unsurprising, as the rate of glaucoma progression, 

and the stage of the disease, varies with each individual case. Unlike in laboratory 

conditions, only certain factors (such as age, and sex) can be matched for, and 
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controlled. This is particularly relevant to tissue that is rare, and difficult to obtain, 

such as retinas from well-established glaucoma patients, described in this chapter. 

The most surprising finding of this study was the lack of correlation between the cell 

loss, or density, and the VF data in corresponding anatomical locations (Figures 4.10, 

and 4.11). This finding was in contrast to a previously published study, that found a 

correlation between cell loss and the VF test data, in the same person (Kerrigan–

Baumrind et al. 2000). The Kerrigan-Baumrind et al. (2000) study had a larger 

sample number, 17 eyes from 13 persons, however, only 28 points out of possible 72 

(that are tested in the VF test) were surveyed. They drew the conclusion that VF data 

was correlated with cell loss, from the strong correlation they obtained when 

comparing the overall percent of normal RGCs and axons remaining, and the mean 

deviation index obtained from the VF test data. This correlation is also true in my 

data set. However, the data presented by Kerrigan-Baumrind et al. (2000) did not 

mention if correlations were performed between the individual test points, and cell 

counts.  

In this study, a weak negative trend was observed when comparing the overall mean 

RGC loss and mean deviation index, however, a strong statistically significant 

correlation was also observed between the peak RGC number and mean deviation 

index.  

Trans-retinal degeneration in human glaucoma retinas has been reported before, by 

our group in Lei et al. 2008. It was reported that inner retinal layers were 

significantly reduced in glaucoma, compared to normal retinas, and that there was no 

difference between the areas of mild or moderate glaucoma, as per the VF tests. This 

finding was not unexpected, as no correlation between the cell loss and VF test in the 
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same anatomical locations were noted. It was predicted that taking retinal sections 

from areas with a lower visual sensitivity score, did not necessarily mean there 

would be more anatomical damage.  

And finally an increase in GFAP activation in glaucoma, compared to normal retinas, 

was not observed, in contrary to observed GFAP activation in experimental 

glaucoma (Gallego et al. 2012). However, the absence of GFAP activation in human 

tissue can be most likely explained by the already substantial shrinkage of the inner 

retinal layers. Similar findings on GFAP immunoreactivity have been noted 

previously, and were attributed to the loss of axons and glial cells that surround 

axons in glaucoma (Wang et al. 2002). 

The main finding presented in this chapter is that in human glaucoma the individual 

VF test point scores do not correlate to RGC density in anatomically equivalent 

areas. This is supported by a finding that the thickness of inner retina is uniformly 

reduced and does not differ in areas with high VF score and low VF score. The mean 

VF loss is in fact correlated to peak RGC density, which indicates that it is possible 

to assess total anatomical damage in retina using VF test. However, further 

investigation is required to determine whether there is a degeneration of RGCs in 

early stages of glaucoma e.g. dendritic degeneration (Pavlidis et al. 2003) and if the 

remaining RGCs in the glaucomatous retina are fully functional. This will be 

discussed in depth in Chapter 5 and 6.  
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Chapter 5: Microinjection, Golgi and 

Diolistics: Single cell labelling methods to study 

morphology in fixation preserved tissue 

 

 

 

 

 

 

 



114 
 

5.1    Introduction 

Neuronal morphology can reveal information, such as details about network 

organisation, disease development, and even treatment efficacy. The neuron is the 

smallest processing unit of the brain, and knowing its morphological structure in both 

normal conditions, and disease, is essential for our understanding of various 

disorders, including glaucoma. It has been long understood that glaucoma is 

accompanied by the loss of RGCs over time. With increased knowledge about 

glaucoma itself, and other neurodegenerative diseases, it has been hypothesised that 

the loss of RGCs in glaucoma might be preceded by dendritic degeneration of the 

individual RGC dendrites (Gupta and Yücel 2007; Liu et al. 2011). This has been 

shown to be true in experimentally induced glaucoma in mouse (Feng et al. 2013; 

Buckingham et al. 2008; Williams et al. 2013), rat (Fu et al. 2009; Naskar et al. 

2002) and in primate (Weber et al. 1998). To date, there has only been one study that 

successfully managed to demonstrate dendritic degeneration in human glaucoma 

(Pavlidis et al. 2003), however, due to the advanced stage of the samples used in the 

study, it is not yet known whether the degeneration occurs in the early stages of the 

disease. There are numerous reasons behind why there are so few studies that have 

successfully studied RGC morphology in human glaucoma retina. The main 

consideration should be the difficulty of obtaining suitable donor tissue, with a 

clinical history of diagnosed glaucoma. Furthermore, there are no modern, reliable 

methods of labelling RGCs and their dendritic trees fully, in fixed post-mortem 

human retina. The cell labelling methods for human RGCs that are described in the 

literature are technically challenging and performed on non-fixed tissue (Dacey and 

Petersen 1992), or, the methods used are sensitive to post-mortem fixation time, time 

in the fixative, and the strength of the fixative used (Kolb et al. 1992). These factors 
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are usually beyond the control of the investigators, and therefore, a robust, reliable 

method of labelling is required. I hypothesised that dendrites of RGCs are 

degenerated prior to their death in human glaucoma retina. In this chapter, various 

methods will be discussed, along with the attempts made to develop a protocol to 

label the morphology of single RGCs, in PFA fixed human retina.  The protocols 

presented in this chapter were initially evaluated on mouse tissue, before a selected 

few were tested on human retinal tissue.  

 

5.2    Materials and Methods 

All procedures on animals were performed in accordance with the UK Animals 

(Scientific Procedures) Act 1986 and European Commission directive 2010/63/EU. 

All experiments involving human tissue were performed ex vivo, in compliance with 

the Human Tissue Act 2004. 

 

5.2.1 Animal tissue 

Adult mouse neural tissue used in this study was from the transgenic TD x PV mouse 

strain, which was bred in-house on C57BL/6 background by crossing PV-Cre 

(Pvalbtm1(cre)Arbr ) and TD Tomato (Gt(ROSA)26Sortm14(CAG-tdTomato)Hze) mouse lines 

obtained from commercial provider (The Jackson Labaratory). When these mouse 

lines are crossed their offspring express TdTomato in all cells that contain PV protein 

under Cre-mediated recombination. The mice were sacrificed by an approved Home 

Office schedule 1 method, and both eyes, ONs, and brain tissue were placed in 1-2% 

PFA in 0.1M PB, for up to 4 hours at 4°C.  

After fixation in PFA, the retinas were dissected, and the longest cut was made to 

mark the temporo-inferior quarter, to keep the orientation of the retina. The brains 
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were sectioned into thick, 200-300 µm, coronal sections using a vibratome. The 

sections that included the V1, were chosen based on anatomical hallmarks using the 

Allen mouse brain atlas. All tissue from this point onwards was stored at 4°C, in 

0.1M PB with 0.1% sodium azide. 

 

5.2.2 Human tissue 

Human tissue for this study was obtained from the Bristol CTS Eye Bank, UK, or the 

Mayo Clinic, Rochester, USA. Tissue obtained from the Bristol Eye Bank was 

lightly fixed, for 1-2 hours, in 2% PFA in 0.1M PB at 4°C, 6-48 hours after post-

mortem/enucleation. Tissue obtained from the Mayo Clinic, was fixed for various 

lengths of times (which was beyond our control), 2-4 hours immediately after 

enucleation in 2% PFA in 0.1M PBS and stored at 4°C. After fixation, the retinas 

were stored at 4°C in 0.1M PB with 0.1% sodium azide.  The retinas were then 

dissected into quarters, with ‘v’ shape cuts to mark the orientation, and peripheral 

macular regions were chosen for microinjection, while full quarters were used for 

Golgi stain. 

 

5.2.3 General microinjection setup 

To visualise the individual cells for microinjections under the two-photon 

microscope, all tissues were stained with a nuclear dye, Hoechst 33342 

(Thermofisher Scientific, H1339). In mouse tissue, Tdtomato PV+ neurons were also 

selected for targeted microinjection (Figure 5.1).  

For microinjections, the tissue was placed in a Petri dish with 0.1M PB, with a 

weight made from inert silver, lined with nylon threads, placed on top of the tissue, 

to keep the tissue at the bottom of the dish. Sharp glass pipettes, of 80-100MΩ, were 
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pulled on a horizontal Sutter P-80 puller, using a custom program. Injections were 

driven using iontophoresis apparatus, Neurophore BH-2. Silver wire was inserted 

into the glass pipette, which was driven at a 45° angle, with Scientifica PatchStar 

micromanipulator, towards the tissue slice. A 10x water immersion objective 

(Olympus) was used to target, and visualise cell injection progress, under the two-

photon microscope. The system was fitted with two photomultipliers, with two broad 

bandpass filters that permitted the user to view separate green, and red wavelength 

channels in real time, while the laser tuned to same wavelength. This enabled the 

visualization of the glass pipette approach, and dye spread in real time, also while 

being able to view the target cells.    

 

Figure 5.1 Microinjection setup 

(A) A diagram showing the single cell microinjection set up. Tissue sections were 

placed in a Petri dish, with 0.1M PB as shown in. (B) A Micropipette with a silver 

electrode was fixed on a micromanipulator at a 45°C angle, and a ground lead was 

inserted into the external solution.  
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5.2.4 DiI Iontophoresis 

DiI is a fluorescent lipophilic dye, that is retained in lipophilic membranes, and is 

often used as a neuronal tracer. For DiI iontophoresis, the tip of the pulled glass 

pipette was filled with 2 µl of 1% lipophilic DiI solution (ThermoFisher Scientific, 

D-3911) in 100% ethanol, and backfilled with 100% ethanol. Cells were approached 

and injected with a positive 5-20 nA current. The dye spread was monitored, until the 

distal dendrites were filled satisfactorily, before the pipette was then withdrawn.  

 

5.2.5 Alexa Fluor Iontophoresis 

Alexa Fluor is a hydrophilic fluorescent dye that is extremely bright, and is often 

used to fill neurons intracellularly. For single cell microinjections of Alexa Fluor 

dyes, the tip of the glass pipette was filled with 5mM of Alexa Fluor 568, and 

backfilled with 0.2M KCl in dH2O. Cells were approached using a 0 nA current, and 

upon the physical contact of the glass tip with the soma of the desired cell, the dye 

was driven with a -1nA current into the cell. Cells were filled for 15 minutes to 1 

hour, until distal dendrites were observed to fill with the dye.  

 

5.2.6 Golgi stain 

In this study, the FD Rapid GolgiStainTM Kit (FD Neurotechnologies), and the 

glutaraldehyde-sandwich Golgi method, as described by Kolb et al. (1992), were 

used. For the glutaraldehyde-sandwich method, tissue was post-fixed in 1% PFA, 

and 2% glutaraldehyde, in 0.1M PB for 2-7 days, at 4°C. Tissue sections were then 

placed between two Whatman #50 filter papers, soaked in the fixative, placed 

between two glass slides, and then tied together with a thread. This ‘sandwich’ was 

then transferred to a solution of 5% glutaraldehyde, and 4% potassium dichromate 
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for 7 days at room temperature, in the dark, before being rinsed with 1% silver 

nitrate, and incubated in silver solution for a further 3 days under the same 

conditions. The tissue ‘sandwich’ was then rinsed in dH2O, and dehydrated in 

ascending ethanol, up to 70%, where the tissue sections were separated and carefully 

peeled off the filter paper. This was followed by further dehydration, to 100% 

ethanol, followed by clearing in xylene, and mounting on a glass slide with DPX and 

a coverslip. The slides were left to dry overnight, in the dark, before imaging using 

light microscopy.  

 

5.2.7 Diolistics in fixed tissue 

1.3 µm tungsten particles (Bio-Rad) were coated with DiI, and adhered to the inside 

of flexible plastic tubing. The tubing was then cut into 0.5 cm segments (or bullets). 

These bullets were then loaded into a Helios Gene gun (Bio-Rad, USA) cartridge, 

positioned approximately 1 cm away from the tissue surface, and bullet contents 

expelled with calibrated high pressure, directly into the tissue, entering cells 

intracellularly, and retaining the dye in lipophilic membranes. Fixed tissue sections 

were then placed on Millicell cell culture inserts (Life technologies, US), in a 37°C 

incubator for 2-3 hours, to allow the spread of the dye to the distal processes of the 

cell, before imaging. Dye spread was arrested by placing the tissue in 1% PFA in 0.1 

M PB solution, at 4°C. 

 

5.2.8 Microscopy 

All fluorescence microscopy in this chapter was carried out using a two-photon 

microscope. Images were taken with a custom built two-photon microscope (MOM, 

Sutter Instruments), equipped with a Ti:Sapphire laser (MaiTai DeepSee, Newport 
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SpectraPhysics). The laser was tuned to specific wavelengths, suited to the 

fluorophore being imaged (Table 5.1). Cells were imaged using either a 10x 0.4NA 

Olympus objective, or 40x 1NA Zeiss water dipping objective, driven by a micro-

stepper (Sutter Instruments) which allowed for the acquisition of stacks, at 0.5 µm 

precision in the z-dimension. ScanImage r3.6.1, an open source program written in 

MATLAB, was used to control the objective movement and image acquisition. Golgi 

stain was visualised using a Leica light microscope. 

 

 

Fluorophore Wavelength (nm) 

Hoechst 33342 660-710 

TdTomato 1030-1040 

DiI 700 

Alexa Fluor 568 750-800 

 

Table 5.1 Fluorophore excitation wavelengths 

Fluorophore excitation wavelengths for two-photon microscope used in this study. 

 

5.2.9 Image processing 

Image stacks were collected in .TIFF format, and were post-hoc processed using Fiji 

(ImageJ, NIH). Z-stacks of images were collapsed based on maximum intensity. 

Morphological tracing, and Scholl analysis were performed on the 2-dimmensional 

.TIFF images that were generated from the z-stack of images, utilizing the semi-

automated Simple Neurite Tracer plug-in for Fiji (Binley et al. 2014). 
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5.3 Results  

5.3.1 Neurons in mouse V1 brain slices 

Hoechst stained single cells were targeted in thick, lightly fixed, cortical sections 

using Alexa Fluor 568 dye, and iontophoresis. The microinjection method yielded 

the best results in the cortical sections, as the neurons were filled fully, including an 

axon, dendrites, and dendritic spines (Figure 5.2). Furthermore, cells were viable for 

up to 3 months after the initial fixation, as they retained comprehensive 

morphological details, enabling them still to be filled with dye and examined. 

Diolistics generated labelled single cells reasonably well (Figure 5.3), however only 

if the initial fixation of the cortical slices was less than 20 minutes. In addition, this 

also yielded over-labelled regions, where multiple clusters of cells were filled with 

dye, making it difficult to distinguish between the processes of individual cells. 

Golgi stain also achieved fair results, labelling full cells and fine processes of single 

cells, however, it was difficult to achieve uniform staining, instead of random, 

clustered staining.  
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Figure 5.2 Single cell iontophoresis of cortical neurons 

Maximum projections of z-stacks of single cortical neurons (A-C) filled with Alexa 

Fluor dyes by iontophoresis. Dendrites and singular dendritic spines (D), and axons 

(E) can be observed. The axon is marked with a star. Scale bar 50 µm in panels A-C, 

and 10 µm in panels D-E. 
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Figure 5.3 Diolistics and Golgi stain 

(A-B) Single neuron in fixed mouse cortical section after labelling with diolistics. (C) 

Clusters of neurons. (D) Several single neurons, labelled with Golgi stain. Scale bars 

are 50 µm. 

 

5.3.2 RGC morphology in mouse retina 

Microinjections with Alexa Fluor dyes produced the best quality filled cells in lightly 

fixed mouse retina, (Figure 5.4 and Figure 5.5). In most instances, it was possible to 

fill the full dendritic tree, and an axon, as far as the ON head. Cells filled using this 

method were successfully traced, reconstructed, and analysed using Sholl analysis 

(Figure 5.4). This technique was also successfully utilised to fill astrocytes in lightly 

fixed mouse ON. Iontophoretic injection of DiI was not successful at labelling 

individual neurons, as in all instances there were several cell somata labelled with 
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DiI, which resulted in the co-labelling of several proximal dendritic trees (Figure 

5.6). 

 

Figure 5.4 Morphology of a single mouse RGC filled with Alexa Fluor 

(A) Single RGC filled with Alexa Fluor, (B) and panels moving through z-focus, 

showing the dendritic tree of the same RGC at different laminations. (C) 

Reconstruction of the RGC (D) and resultant profile of Sholl analysis.  
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Figure 5.5 Single RGC in mouse retina filled with Alexa Fluor. 

An axon is marked with a star, the cell soma is marked with an arrow, and dendrite 

with an arrowhead. The scale bar is 50 µm. 
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Figure 5.6 DiI iontophoresis and astrocytes in ON 

Clusters of cells labelled with DiI (A-B). Astrocytes labelled in the mouse ON (C-D). 

Axon bundles are marked with a star, and dendrites are marked with arrowheads. 

The scale bar is 50 µm. 

 

5.3.3 RGC morphology in human retina 

As Alexa Fluor microinjections were the most successful method of single cell 

labelling in fixed mouse cortical, and retinal tissue, this method was chosen to label 

human RGCs in the retina. However, Alexa Fluor microinjections yielded poorly 

filled RGCs in the human retina. In cases where dye spread to processes was 
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achieved, only partial filling of dendritic trees was achieved, and without axon 

filling. Examples of RGCs filled in fixed human retina, with Alexa Fluor 

microinjection, are shown in Figure 5.7. In most instances, only somata and primary 

dendrites were filled successfully, with no further dye spread (Figure 5.7). 
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Figure 5.7 Human RGC fills 

Examples of human RGCs filled with Alexa Fluor dye (A-E) and example of soma fill 

only (F). 

 

5.4 Discussion 

Neither DiI iontophoresis, nor Golgi or diolistics, produced good quality, fully 

labelled neurons, or single cell fills in mouse tissue. Single cell Alexa Fluor 
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iontophoresis produced the best quality labelled neurons, with fully labelled dendritic 

trees and axons, in fixed mouse cortical slices (Figure 5.2) and retina (Figure 5.5). 

This was exactly as described in Dumitriu et al. (2011).  

Based on this, the same microinjection technique was applied to human tissue, 

however it only yielded partially filled RGCs (Figure 5.7). Most commonly, only cell 

somata were filled with the dye, and no spread to dendrites was observed. Single cell 

iontophoresis was a time consuming process, and was more technically demanding 

than many other labelling methods used in this study.  

From the pilot experiments on the mouse tissue, and in agreement with Dumitriu et 

al.( 2011), it was discovered that the microinjection technique required lightly fixed 

tissue. In view of the inconsistencies in cell labelling between the tissues, it was 

suspected that the quality of the human tissue was inadequate, either due to lengthy 

post-mortem to fixation time, or due to excessive fixation. When cross referencing 

this finding with studies that have successfully reported human RGC morphology, it 

was noted that the human tissue was reportedly fixation preserved for very short 

periods of time (Kolb et al. 1992), or not fixation preserved at all (Dacey and 

Petersen 1992). In addition, a recently published study that utilised the DiI 

iontophoresis method, reported successfully labelling a variety of single human 

RGCs and amacrine cells, in lightly (< 1 hour) fixation preserved tissue (Lee et al. 

2016), thus confirming our finding that tissue fixation is the critical factor in 

achieving successful RGC labelling, with any of the techniques described above. 

These factors were uncontrollable in this study, as the tissue was collected and 

donated by other institutions, and there are ethical considerations, related to human 

tissue donation and preservation. Successful human RGC morphology labelling in 

heavily fixation preserved tissue was reported by Pavlidis et al. (2003), however, the 



130 
 

described method utilises DiI crystal insertion to the NFL of the retina, which relies 

on the presence of intact axon. Therefore, it would not be possible to analyse the 

dendritic morphology of cells with an injured axon, as would be seen in glaucoma. 

In conclusion, this study was unable to produce a reliable protocol to fully label 

RGCs and their dendrites, using the fixed human retina samples that were accessible. 

Therefore, another more reliable method should be considered, such as scanning 

electron microscopy (SEM). Serial block-face SEM is a microscopy method that 

utilises a focused beam of electrons to scan a block of sample, while it is 

continuously being cut with a microtome, at a thickness such as 70 nm. SEM is 

technically challenging and lengthy, however, it is very accurate and produces high 

magnification, high quality images of cellular structures in 3D (Denk and Horstmann 

2004), and has the potential of imaging dendrites. Recently, after reconstruction of 

the images taken with serial block-face SEM, it was possible to see the detailed 

morphology of astrocytes in the ON of a glaucoma model of the mouse (Nguyen et 

al. 2011). Therefore, this project is set to continue as a serial block-face SEM 

connectomics study.    
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Chapter 6: General Discussion  
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This work presents results from studies designed to investigate the effect of RGC 

death on the function of V1 in mouse and correlation between visual function and 

loss of RGCs in glaucomatous human retina.  

 

The main findings are: 

 

 Following ON crush responses in V1b to stimulation of the affected eye are 

diminished immediately and do not recover for up to 60 days.  

 The V1b responses to stimulation of the intact eye were found to either 

significantly rise or show a trend to increase when measured with OI. 

 When stimuli were presented to the intact eye the mean maximum response 

significantly increased in the population of orientation tuned cells when 

measured using in vivo 2P calcium imaging. 

 PV+ interneurons show a decrease in mean maximum response when 

stimulating through either of the eyes. 

 A large OD shift towards the intact eye was observed using both ISI and 2P 

imaging paradigms. 

 RGCs in human glaucoma retina were found to be lost in a spatial pattern that 

follows the anatomy of arcuate axon fibres in retina.  

 No correlation was found between individual anatomical areas and scores 

from individual VF test points within the same glaucoma patient.  

 A strong correlation was found between the peak RGC cell numbers and the 

mean deviation and pattern standard deviation within the same retina. 

 No difference was found in the inner retinal layer thicknesses between mild 

and moderate areas of damage within the same glaucomatous retina. 
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 The fixation preservation is a critical step in order to achieve any success 

with morphological labels of RGCs in human retina. 

 

6.1 Open eye potentiation in adult visual cortex 

ON crush is a widely used method of inducing RGC death in order to investigate 

glaucoma-like degeneration in retina (Templeton and Geisert 2012). The ISI and in 

vivo 2P calcium imaging experiments described in chapters 2 and 3 revealed that the 

ON crush induces plasticity in the visual cortex of adult mice. The loss of signal 

from the dominant contralateral eye due to ON crush resulted in a potentiation of the 

weaker intact ipsilateral eye signal within the imaged hemisphere. 

Open eye potentiation in adults is a well described phenomena that can be induced 

by MD (Sawtell et al. 2003; Tagawa et al. 2005) and ME (Van Brussel et al. 2011). 

It is experience dependent and is absent if both eyes are visually deprived e.g. 

suturing both eyelids (Blais et al. 2008). This thus suggests that open eye 

potentiation might act via competitive mechanism. This work to my knowledge is the 

first time that open eye potentiation was demonstrated in adult mice after ON crush.  

OD plasticity in adult mice after MD has been demonstrated by several different 

methods - visual evoked potentials (Sawtell et al. 2003), immediate early gene Arc 

expression (Tagawa et al. 2005), extracellular microelectrode recordings and optical 

imaging (Sonja B Hofer et al. 2006). It is thought that silencing the dominant eye by 

MD removes the competition and enables the potentiation of the weaker eye. It is 

important to note that compared to juvenile MD, in adults MD does not evoke 

depression of the deprived eye (Sawtell et al. 2003; Frenkel and Bear 2004). In adult 

MD open eye potentiation in adults requires visual experience and is dependent on 
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NMDA (N-methyl-D-aspartate) receptors (Sawtell et al. 2003) 

(Ranson et al. 2012) and most likely occur via the mechanism of LTP.  

The open eye potentiation in juvenile and adult animals occur via two separate 

mechanisms. Open eye potentiation is absent only in juvenile mice that lack TNFα 

(Kaneko et al. 2008; Ranson et al. 2012) and GluA1 (Ranson et al. 2013), but not in 

adults; it is thought to reflect a homeostatic process. In contrast, juvenile OD 

plasticity is normal in mice that have a point mutation in αCaMKII, a kinase that is 

activated by Ca2+ influx from NMDA receptors during LTP, but is absent in adults 

of this mouse strain (Ranson et al. 2012).  

Stimulus response selective plasticity (SRP) is a type of short term upregulation 

(LTP) due to adaptation to one specific repeated visual stimulus (Cooke and Bear 

2012) and is dependent on NMDA receptor activity (Frenkel et al. 2006). More 

recently it was reported that neither PV+ interneuron activity nor NMDA receptors 

located in PV+ interneurons are required for adult plasticity after MD but are crucial 

for SRP (Kaplan et al. 2016).  

During ME all light driven and spontaneous retinal experience is removed, thus 

eliminating the competition (Smith and Trachtenberg 2007) and leaving behind only 

the ipsilateral inputs in contralateral visual cortex. In adult mice this apparent lack of 

competition results in reactivation and expansion of the V1b, most likely by the 

intact -eye potentiation (Van Brussel et al. 2011). This lack of competition also 

reduces LTD, thus allowing LTP to be more potent than in MD (Nys et al. 2015). In 

addition rearrangement of ipsilateral callosal projections has also been noted in ME 

(Wree et al. 1985).  

Focal retinal injury such as by laser damage is another method of inducing plasticity 

in adult V1 (Keck et al. 2008). The reactivation of the lesion projection zone (LPZ) 
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that previously received the retinal inputs from damaged area occurs, most likely by 

takeover of the surrounding areas. Notably it was reported that this method of 

deprivation elicits structural changes within the cortex and not LGN. It was reported, 

that in the cat, binocular retinal lesions induce axonal sprouting within the LPZ 

(Darian-Smith and Gilbert 1994). And more recently a study in mouse reported that 

the dendritic spine turnover rate is increased in the cortex within the LPZ (Keck et al. 

2008). 

In the context of the discussed methods the ON crush should have an intermediate 

effect on the visual cortex plasticity compared to the effects of ME and MD. As 

shown in juvenile mice,  ME of contralateral eye enhances the maturation of the 

ipsilateral eye, due to the lack of the cortical competition (Smith and Trachtenberg 

2007). While the all meaningful signal transmission from retina might be ceased after 

the ON crush just like in ME, the spontaneous activity from retina is still present, as 

in MD and focal retinal lesion model. This in turn means that a level of LTD will be 

present, therefore, one might expect ON crush to induce an intermediate open eye 

potentiation in adults compared to MD and ME models (Figure 6.1).  

In addition, verification of extent of the open-eye potentiation may be crucial; ISI has 

revealed only a weak significant increase, whereas single cell calcium imaging 

revealed much more potent intact eye potentiation. However, data obtained from 

single cells is likely to be more reliable as ISI only provides us with a general 

overview of activity.   
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Figure 6.1 A diagram depicting effects of adult MD, ME and ON crush. 

C – contralateral, I- ipsilateral. MD -monocular deprivation, ME – monocular 

enucleation.  

 

6.2 The role of inhibition in adult plasticity 

In chapter 3 the role of inhibition was explored by using in vivo calcium imaging to 

investigate the activity of PV+ interneurons in layer 2/3 of V1b after ON crush. 

It is thought that, in general, adult plasticity requires a decrease in cortical inhibition 

as shown when inhibition is reduced pharmacologically using fluoxetine (Maya 

Vetencourt et al. 2008), or by reduction of GABA transmission (Harauzov et al. 

2010), environmental enrichment (Greifzu et al. 2014) and dark exposure (Huang et 

al. 2010). 

Reduction of inhibition was also observed after ON crush as described in the Chapter 

3 of this thesis. While the response of orientation tuned neurons was found to 

increase, the inhibitory PV+ interneuron activity was significantly decreased at 14 

days after ON crush in response to stimulation via an intact eye.  
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The maturation of the inhibitory circuits in the cortex marks the closure of the critical 

period (Huang et al. 1999). PV+ interneurons are the most abundant class of 

inhibitory GABAergic interneurons in mouse cortex which make up 40% of all 

GABAergic cells in V1 (Xu et al. 2010) and together with somatostatin (SOM) and 

vasoactive intestinal polypeptide (VIP) interneurons make up almost 100% of 

cortical inhibitory interneurons (Rudy et al. 2011) (Figure 6.2).  Due to the intrinsic 

fast spiking ability and dendrites that mostly synapse directly onto the soma of the 

excitatory neurons (Kepecs and Fishell 2014) the PV+ interneuron activity emerged 

as a potential key to modulation of OD plasticity (Kepecs and Fishell 2014). 

Furthermore destruction of extracellular matrix components - perineuronal nets that 

mostly surround PV+ interneurons enhance OD plasticity in adult rats (Pizzorusso et 

al. 2002). However, as this thesis was being prepared a study that  inactivated both 

PV+ interneurons and NMDA receptors located on PV+ interneurons found that 

neither are required for adult OD plasticity (Kaplan et al. 2016). This study does not 

necessarily contradict findings presented in Chapter 3. It is simply not possible to 

define an exact role of PV+ interneurons in adult plasticity after ON crush from the 

data presented in Chapter 3. Further studies are required to investigate whether PV+ 

interneurons modulate the excitatory neurons directly or more likely the decrease in 

PV+ interneuron activity observed in chapter 3 is a result of global inhibition by 

GABAergic system.  
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Figure 6.2 An overview of cortical inhibitory network 

An illustration demonstrating morphological types of inhibitory neurons, their 

connectivity, markers and intrinsic properties (Illustration obtained from Kepecs and 

Fishell 2014). 

 

6.3 ISI and in vivo 2P calcium imaging as a measure of visual function in 

experimental glaucoma 

Mounting evidence suggests that glaucoma is a neurodegenerative disease that is not 

limited to retina. Indeed, several studies that used fMRI have reported changes in V1 

activity levels of human glaucoma both uncorrelated to retinal damage (Qing et al. 

2010; Dai et al. 2013) and correlated to ONH disc damage (Duncan et al. 2007). In 

addition studies in experimental glaucoma report degeneration in SC (Chen et al. 

2015), LGN (Yücel et al. 2000) and V1 (Crawford et al. 2001). MRI studies have 
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also reported LGN degeneration in human glaucoma patients (Gupta et al. 2009) and 

also wide spread degeneration of the whole visual system, including V1, was seen in 

post-mortem study (Gupta et al. 2006). 

In Chapter 2 I describe how chronic ISI can be used reliably to measure the visual 

function and signal transmission from both eyes in normal adult mice repeatedly 

across a timescale of weeks or even months. ISI was first used on visual cortex of a 

mouse to visualize retinotopic maps (Schuett et al. 2002) and it quickly emerged as a 

powerful and fairly non-invasive imaging technique that was comparable to fMRI 

(Kalatsky and Stryker 2003). To date ISI has only been used to study the effects of 

such paradigms as eye closure by MD (Cang et al. 2005) and focal retinal lesions 

(Keck et al. 2008) on the function of V1. The current work to my knowledge is the 

first to utilise ISI as a measure of V1 function in a mouse model of RGC death. 

In mouse ON crush induces a robust irreversible RGC death within 2 weeks 

(Templeton and Geisert 2012). ON crush shares multiple similarities with 

pathogenesis of glaucoma, which is the second leading cause of blindness worldwide 

(Kingman 2004). The current belief is that the visual function also diminishes slowly 

as RGCs degenerate in retina, however the data presented in this work suggest the 

contrary. Using ISI, I show that signal transmission ceases immediately after ON 

crush and does not recover when measured with ISI. In addition, this is supported by 

shift in ODI that was observed using both ISI and single cell 2P imaging. The 

reduction in V1b responsiveness after ON crush did not appear as straightforward 

when it was investigated using 2P calcium imaging. Some meaningful responses 

when stimulating cells via the eye that had received the ON crush were indeed 

observed using calcium imaging. This apparent discrepancy, can possibly be 

explained by limitations of the two imaging techniques. ISI measures global change 
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and might not be sensitive enough to visualize the remaining activity from a few 

single cells. However, it is also known that ISI is sensitive enough to visualize a 

small patch of inactivity within the cortex after focal retinal lesions (Keck et al. 

2008). However, the lesion projection zone has never been imaged with any single 

cell technique to verify the apparent inactivity. 

Thus the discrepancy between the two techniques requires further investigation. 

Visual function in mice with various retina associated visual disorders usually is 

assessed using optokinetic responses (Davies et al. 2007; Thomas et al. 2004), and/or 

ERG (Bayer et al. 2001). These techniques do not provide information about the 

levels of higher visual function and thus complementary visually guided behaviour 

tests such as water maze are often used to assess the levels of higher processing 

(Doroudchi et al. 2011). Unfortunately, most visually guided behaviour tests also 

involve other sensory regions such as somatosensory (whisking) and often recruit 

multiple brain regions. Thus it is sometimes unclear whether rescuing retinal 

function also restores processing and signal transmission to visual cortex (Doroudchi 

et al. 2011) or cortex compensates the visual loss via cross-modal plasticity (Bavelier 

and Neville 2002). 

In rats it is possible to achieve partial ON crush, and one study reported measuring 

visual function in V1 using VEPs that was correlated with a strength of calibrated 

ON crush. Spatial frequency and visual acuity decreased in non-linear fashion and 

strongest effects were observed after ON crush that resulted in death of most RGCs 

at 30 days post-crush (Klöcker et al. 2001).  It is not possible to achieve a partial ON 

crush in mouse due to its much smaller size compared to rats’ ON and in mouse the 

secondary inflammation appears to affect the whole cross-section of the nerve 

regardless of strength of the crush.  
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In summary, both ISI and 2P calcium imaging can be utilized as chronic imaging 

methods to investigate the signal transmission from retina to visual cortex. This is 

particularly beneficial in experimental setups investigating visual function recovery 

in retina using pharmacological and genetic treatments (Lucius et al. 1998; Park et 

al. 2008; de Lima et al. 2012) after ON crush.   

 

6.4 RGC death in glaucoma: is it as straightforward as it appears? 

As reported in Chapter 4 of this thesis, no correlation was found in RGC cell density 

between individual VF test points and anatomically equivalent areas within the same 

area in human glaucoma. In support, no morphological difference was detected 

between the inner retinal layer thickness between mild and moderately affected 

retinal areas (degree of damage was determined from the score of VF test). These 

findings are surprising and can be explained either by (1) inaccuracy of VF test as a 

measure of RGC function or (2) differential mechanism of RGC degeneration in 

glaucoma that is not related to the number of remaining cells – for example dendritic 

degeneration in remaining cells. 

VF test is performed in order to monitor and track the progression of the visual loss 

related to glaucoma (Chauhan et al. 2008). However one study reported that large 

variations in repeat tests that could not be accounted by disease progression occurred 

in 16% of tested eyes (Study 1994). Most of the variability is thought to arise from 

lack of patient compliance and attention to the test. And this is still a factor even after 

the fixation losses and false positive and negative responses are tested and accounted  

for in automated perimetry tests (Johnson and Samuels 1997). In addition it was 

demonstrated that patients with VF loss in glaucoma show an increased rate of false-

negative responses related to the disease progression (Bengtsson and Heijl 2000). 
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Studies that compared the number of remaining axons within the same eyes to VF 

test data both confirm (Kerrigan–Baumrind et al. 2000) and deny correlation 

(Mikelberg et al. 1995) of VF test points and morphological damage. 

Loss of RGCs in the fovea has been reported before in experimental glaucoma in 

monkeys, where selective loss of large RGCs was found (Glovinsky et al. 1993). In 

this work I report no correlation between individual VF test points and RGC density, 

however I report correlation between peak RGC density and the absolute value of 

mean deviation and pattern standard deviation. Both mean and pattern standard 

deviations are global indices given to approximate and track the mean degree of VF 

damage compared to individuals of the same age, where pattern standard deviation is 

adjusted for other visual defects such as cataract (Forrester J. V., Dick A. D., 

McMenamin P. G., Roberts F. 2016). In humans peak RGC density in fovea is up to 

10 times higher than in periphery (Curcio and Allen 1990; Lei et al. 2008), this peak 

is responsible for the high visual acuity of central vision (Provis et al. 2013). Both 

mouse and rat have poor visual acuity and do not have major RGC density 

differences between the central and peripheral retina and thus this aspect is 

understudied in experimental glaucoma. In fact, signs that the fovea is affected early 

in human glaucoma progression have been reported over 30 years ago. The focus, 

however has always been on vision loss in the periphery because central regions are 

usually significantly affected last (Anctil and Anderson 1984).  

Dendritic degeneration of RGCs has been demonstrated repeatedly in experimental 

glaucoma in mouse (Feng et al. 2013), monkey (Weber et al. 1998) and end stage 

glaucoma in humans (Pavlidis et al. 2003).  It is not clear whether axons or dendrites 

degenerate first in glaucoma (Morgan 2012), and furthermore it is yet to be proven 
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whether RGC undergo dendritic degeneration in early human glaucoma. This is 

however difficult due to multiple factors that were discussed in Chapter 5.  

To conclude, I suggest that VF test may not be the most accurate way of measuring 

RGC function, especially in order to draw parallels between function and anatomy. 

Furthermore, when comparing anatomy and function, the remaining RGCs cannot be 

relied upon as a functional unit; they are most likely in a state of degeneration 

(Weber et al. 1998) due to dendritic degeneration, which precedes the cell death 

(Buckingham et al. 2008).  

 

6.5 Concluding thoughts 

One of the aims of this work was an attempt to bridge the gap between retina and V1 

and between the human and the mouse. First of all, assessment of visual cortex 

function should be considered when studying retinal degeneration, especially in 

studies demonstrating regeneration in retina. But more importantly, the capability of 

the brain to adapt to the new environment should be taken into account as it appears 

that in unilateral ON injury intact eye potentiation occurs simultaneously along 

degeneration in the affected eye’s visual pathway. 

It is also clear that a VF test may not be the best method of assessing retinal visual 

function as it is subjective and greatly relies on patients’ compliance. It is evident 

that RGC death in human glaucoma is a complicated multistep process and it is not 

clear how many surviving RGCs contribute to the remaining vision assessed by VF 

tests in clinics. 
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6.6 Future work 

Further experiments are needed to improve the precision of visual function 

assessment using ISI and 2P calcium imaging. This can be done using 

pharmacological means such as eliminating action potentials in retina using 

tetrodotoxin (Frenkel and Bear 2004) and lidocaine hydrochloride to silence axonal 

ON transport. Tetrodotoxin administration will provide some insight into how ON 

crush compares to ME, whereas lidocaine administration should mimic effects of ON 

crush on the deprived eye.  

In addition, future research should be focused on assessment of ocular hypertension 

models such as the magnetic bead model that was discussed in the introduction 

(Samsel et al. 2011). Since the present study was completed, a research group 

reported a successful achievement of a magnetic microbead model in mouse, that 

does not occlude the anterior chamber and retains a clear visual axis (Ito et al. 2016). 

Investigating vision loss in hypertension model would be preferable as it induces 

partial RGC loss (McKinnon et al. 2009) which mimics human glaucoma more 

closely compared to ON crush. 

Additionally, ON crush can be used as a robust and easy model of adult cortical 

plasticity. Experiments that utilise inactivation of activity in a subset of neurons only 

(e.g. VIP or Somatostatin interneurons) using designed receptors exclusively 

activated by designed drugs (DREADDs) (Urban and Roth 2015) might be beneficial 

to understand the role of inhibition in adult plasticity (Kaplan et al. 2016).  

As for human tissue work described in this thesis, the morphology or RGCs is being 

currently investigated using Serial block-face SEM (Denk and Horstmann 2004). In 

addition, postsynaptic density staining could be utilised to quantify the density of 

remaining synapses RGCs make in IPL of human retinas in glaucoma. But most of 
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all a study that definitively answers whether dendritic degeneration actually occurs in 

RGCs, and whether it precedes axonal degeneration, of human retina is essential. 
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Chapter 4: Patient VF test sheets 
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