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Abstract 
 
Rhegmatogenous retinal detachment (RRD) is an important indication for ophthalmic 

surgery and a major cause of poor vision recovery post-reattachment operations. 

Photoreceptor death and anatomical remodelling of the deafferented inner retina have 

been documented in experimental primary RRD. However, little is known about non-

complicated human RRD. Therefore, it is important to identify specific patterns of 

cellular remodelling in the human retina after RRD and assess if these changes are 

associated with altered function of the retinal circuitry. 

   

Given that glutamate is the major neurotransmitter in the vertebrate retina we studied 

the glutamate pathway, the amino acid neurotransmitter levels and the expression of 

its functional ionotropic receptors. Functional characterization of these ionotropic 

glutamate receptors was achieved by using a cation channel permeating probe named 

agmatine (1-amino-4-guanidobutane; AGB). The functional profile map of ionotropic 

glutamate receptors in normal human mid-peripheral retina revealed increased AGB 

permeability in the detached outer retina. Increased functionality of KA receptors 

among ON bipolar cells suggested a corrupted circuitry. 

 

We also compared the anatomical profile of normal human retina with that of retinal 

samples from RRD employing a range of macromolecular markers. In the RRD 

samples, we observed ectopic synaptic protein expression, abnormal projection of 

photoreceptor processes towards the inner retina, neuronal migration, horizontal cell 

and ON bipolar cell extensions towards the nuclear layers. Some of these anatomical 

changes are novel features unreported in primary cases of RRD. Deafferentation in 

retinal detachment is associated with alteration of the glutamatergic pathway. In one 

radiation retinopathy sample, amino acids redistribution suggested a metabolic 

remodelling common to retinal degeneration conditions. Lastly, we compared the 

metabolic profile using creatine transporter (CRT) immunolabelling. CRT was 

expressed in areas of intense metabolic activity such as photoreceptors and in selected 

cells inner retina cells. The absence of CRT to Müller cells harmonizes with the 

notion that glial cells are biosynthetical source of creatine, although its provision to 

other cells may not occur. The increased CRT immunolabelling localized to the outer 

retina in RRD may indicate a regional metabolic remodelling in photoreceptors.   
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The vertebrate retina has a common structure with species-specific specializations. 

Photoreceptors capture light and through a series of interactions within the retina, the 

fundamental encoding of the spatio-temporal and chromatic information is generated 

and transmitted to other parts of the visual processing centres. The basic retinal 

architecture involves photoreceptors-bipolar cells-ganglion cells forming the 

‘through’ retinal pathway with ‘lateral’ elements (horizontal cells, amacrine cells and 

interplexiform cells) interacting at the two retinal synaptic layers.  Some amacrine 

cells subserve a similar function to bipolar cells (as part of the through pathway) in 

the mammalian rod circuitry. 

 

Under normal physiological conditions the neurosensory retina is closely opposed to 

the retinal pigment epithelium (RPE) reflecting a critical inter-relationship between 

photoreceptors and RPE cells. However, under certain pathological conditions a 

separation or detachment of those two interfaces may result. One well recognised 

entity where such a separation occurs is that of a rhegmatogenous retinal detachment 

(RRD). A RRD is characterised by the presence of one or more retinal breaks and it is 

the discontinuity of the retinal barrier which enables fluid from the vitreous cavity to 

accumulate in the subretinal space leading to further detachment.  

 

RRD is a major threat to vision and it is estimated 15,000 new cases develop every 

year in the United States (Regillo et al., 1998). In New Zealand the annual incidence 

has been shown to be 11.8 per 100,000 equating to approximately 500 cases per year 

(Polkinghorne and Craig, 2004). Timely surgery usually results in the retina being 

successfully re-attached but functional deficits may persist especially if the macula 

was detached at presentation (Michels et al., 1990; Thompson et al., 2002). In fact, 

only 20 - 40% of successful reattachments result in visual acuity of 6/15 or better 

(Burton, 1982; Ross, 2002; Tani et al., 1981), and other visual deficits, such as color 

vision desaturation and metamorphopsia, may also persist. 

 

Intervention measures such as surgical re-attachment assume that neurons and 

neuronal circuitry will remain intact secondary to the insult.  However, there is now a 

wealth of evidence indicating that neurons and glia undergo anatomical and functional 

remodelling secondary to retinal disease that appear to significantly affect 
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interventional success (Fisher et al., 2005; Jones and Marc, 2005; Marc et al., 2007; 

Marc et al., 2003). The remodelling can be in the form of detrimental anatomical 

changes or functional changes. 

 

Changes associated with anatomical remodelling can be identified using a range of 

cell markers and this knowledge is useful to characterise cell death or cell anatomical 

changes.  Functional (neurochemical) remodelling may alter neurotransmitter release, 

neurotransmitter receptor disposition, neurotransmitter receptor functionality or 

metabolic profiles. Functional remodelling may result in anatomically intact neural 

tissue displaying poor function thereby creating a quandary in understanding 

structure/function relationships. If retinal circuitry is altered secondary to anatomical 

or functional remodelling, any new signal from implanted cells/devices or a re-

attached retina  may be “jumbled” and thus higher order neurons would be unable to 

decode, or worse, the neurons may not be able to send a signal, ie, the collision circuit 

theory of Marc et al. (2007). 

Although anatomical and functional remodelling have been investigated in inherited 

retinal dystrophy (Chua et al., 2009; Jones et al., 2011; Marc et al., 2007), and some 

studies in anatomical and neurotransmitter remodelling in a cat model of retinal 

detachment (Fisher and Lewis, 2003; Fisher et al., 2005; Lewis et al., 1999b; Lewis et 

al., 2002b; Marc et al., 1998a), there is a paucity of information in human RRD. The 

quandary relates to understanding the poor visual outcome despite ‘successful’ re-

attachment of the the retina.   

  

Clinical variables that have been shown to impact on visual function following 

successful surgery include duration and height of the detached macula (Hagimura et 

al., 2002; Lecleire-Collet et al., 2005a; Tani et al., 1981), as well as the pre-operative 

visual acuity (Burton, 1977; Ross and Kozy, 1998; Tani et al., 1981). Post surgical 

indicators include the presence of cystoid macular oedema (Meredith et al., 1980; 

Sabates et al., 1989); persistent subfoveal fluid (Hagimura et al., 2002; Lecleire-Collet 

et al., 2005b; Wolfensberger and Gonvers, 2002) and retinal folds (Sabates et al., 

1989). Alterations in cellular anatomy have also been identified in human retinal 

detachment specimens and various animal models have demonstrated that changes in 

cell physiology can occur in experimental retinal detachment. To date the linkage 
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between the anatomical and functional changes occurring in detached human retina 

has not been extensively studied. It is the aim of this study to investigate those 

persistent remodelled features that could be targeted for improvement of the vision 

after reattachment procedures.  

 

The working hypothesis is that any retinal insult will lead to anatomical and 

functional remodelling of the retina.  Such detrimental remodelling would explain the 

worse than predicted visual outcome secondary to successful re-attachment surgery 

secondary to RRD.  In order to test this hypothesis, two retinal conditions will be 

investigated: RRD and radiation retinopathy.  We will undertake the following 

specific aims: 

 

Specific Aim 1: Assess functional remodelling 

(a) Compare a functional profile map of ionotropic glutamate receptors in normal 

human mid-peripheral retina with that of retinal samples from RRD using an 

organic cation (agmatine: AGB) to probe functional glutamate receptors. 

(b) Compare the metabolic profile using creatine transporter labelling in mid-

peripheral retina with that of retinal samples from RRD. 

(c) Compare the distribution pattern of the amino acid neurotransmitters in 

normal retina and a sample of retina with radiation retinopathy. 

 

Specific Aim 2: Assess anatomical remodelling 

Compare anatomical profiles of neurons and glia in normal human mid-peripheral 

retina with that of retinal samples from RRD using a range of macromolecular 

markers.
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2.1. Anatomo-functional organization of the retina 

The retina is a thin sheet approximately 200 µm thick of cells that lies at the back of 

the eye and functions as the neural preprocessing element of the visual system. It is a 

multilaminar structure unique within the nervous system comprising ten histologically 

identifiable layers (Polyak, 1941). This “approachable part of the brain” (Dowling, 

1987) has been a major reference for neurobiology investigation since the seminal 

studies by Santiago Ramón Y Cajal (1892). The retina contains approximately 60 

types of neurons organized into 5 major classes: photoreceptors (3-4 types), bipolar 

cells (~12 types), ganglion cells (~15 types), horizontal cells (2 types), amacrine cells 

(~30 types) (Masland, 2001; Wässle, 2004). Figure 2.1 illustrates it. Three neuronal 

layers - outer nuclear layer (ONL), inner nuclear layer (INL) and the ganglion cell 

layer (GCL), alternate with two synaptic layers - outer plexiform layer (OPL) and the 

inner plexiform layer (IPL). The two plexiform layers contain the synaptic 

connections between neurons. The ONL houses the cell bodies of the photoreceptors 

whilst the INL contains the cell bodies of horizontal cells, bipolar cells, amacrine 

cells, and Müller cells. The GCL contains the nuclei of ganglion cells as well as 

displaced amacrine cells. The vertical spanning connectivity of photoreceptors, 

bipolar cells and ganglion cells is termed the “through” pathway and employs the fast 

excitatory neurotransmitter glutamate (Massey and Redburn, 1987).  Horizontal cells 

and amacrine cells comprise the “lateral” pathway that serves to modulate the vertical 

signal flow and the fast inhibitory neurotransmitters glycine and GABA (Massey and 

Redburn, 1987). Glia in the retina is represented by Müller cells, microglia and 

astrocytes, the former playing a vital role in the neuronal function (Fig. 2.8). The 

vitreal (proximal) surface of the retina is formed by the inner limiting membrane 

(ILM) which comprises the Müller cells endfeet.    
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Figure 2.1- Schematic diagram of the mammalian retina. (a) Six types of neuron compose the 
mammalian retina: (1) rods, (2) cones, (3) horizontal cells, (4) bipolar cells, (5) amacrine cells 
and (6) ganglion cells. These neurons are arranged in laminar distribution (OS/IS, outer and 
inner segments of rods and cones; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, optic nerve 
fibre layer). (b) Cross sectional presentation of a cone pedicle, the synaptic terminal of cone 
photoreceptors. Four presynaptic ribbons appose the invaginating dendrites of horizontal cells 
(yellow) and ON-driven cone bipolar cells (blue). This synaptic arrangement is termed a 
‘triad’. OFF-driven cone bipolar cell dendrites form contacts at the cone pedicle base (purple). 
(c) The synaptic terminal of a rod photoreceptor is called spherule. The presynaptic ribbon 
lies in close proximity to horizontal cell axons (yellow) and rod bipolar cell dendrites (blue). 
The dendrites of OFF-driven cone bipolar cells form contacts at the base (purple). (d) A cone 
bipolar cell axon terminal (blue) contains up to 50 presynaptic ribbons, and connects to 
postsynaptic processes of amacrine cells (orange) and dendrites of ganglion cells (purple). (e) 
Bipolar cell ribbon synapse (blue) contacts with an amacrine cell process (orange) and an 
RGC dendrite (purple). The amacrine cell provides a feedback synapse onto the bipolar cell. 
This synaptic disposition is termed ‘dyad’. Obtained with permission from Wässle 2004.  
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2.1.1. Neurons of the through pathway 

2.1.1.1. Photoreceptors  

 
The mammalian retinae contain rod and cone photoreceptors, which are responsible 

for light detection at scotopic and photopic light levels respectively. These sensory 

cells distally located in the retina convert light signal into an electrical signal that can 

ultimately be transmitted to the visual cortex. Rods account for 95% of all 

photoreceptors. In the human retina, approximately 5 million cones correspond to the 

remaining 5% of the photoreceptors class (Curcio et al., 1990; Wikler et al., 1990). 

The relative ratio of rod to cone photoreceptors and the topographic organization of 

these cell types differ markedly between species, reflecting distinctive visual 

requirements.The ratio of rod to cone photoreceptors differs with retinal eccentricity, 

with rod photoreceptors dominating peripheral retina. The retinae of species requiring 

higher levels of visual acuity have a specialised, cone dominated area known as the 

fovea in primates and human, and the area centralis in cat (Steinberg et al., 1973).  

  
Both rods and cones contain four morphologically distinct compartments: The outer 

segment (OS), inner segment (IS), nucleus, and axon/synaptic terminal. Figure 2.2 

shows the immunohistochemical pattern of cones labelled with (red/green) cone opsin 

(A) and rods immunolabelled with Rho 4D2. Figure 2.3 displays a blue cone 

identified by the respective opsin. 

 

Interdigitated between the retinal pigment epithelium (RPE) microvilli lie the 

photoreceptor outer segments that house densely packed membranes containing visual 

photopigments. When a photon is absorbed, the Vitamin A derived chromophore of 

these visual photopigments undergoes an isomerization from 11-cis retinal to all-trans 

retinal. This conformational change triggers a complex chain reaction of events that 

ultimately leads to the closure of cGMP gated membrane channels (Fesenko et al., 

1985; Lamb and Pugh Jr, 1992; Pepe, 2001). This process, called phototransduction, 

leads to photoreceptor hyperpolarization and reduces the release of glutamate 

neurotransmitter (Dacheux and Miller, 1976; Rao et al., 1994). Unlike other retinal 

neurons such as amacrine and ganglion cells, photoreceptors do not generate action 

potentials.Thus, the post-synaptic responses to light at second order neurons derive 



Chapter 2:                                                                                                        Literature Review 

9 
 

from decrease in the glutamate release (Ayoub and Copenhagen, 1991). The graded 

hyperpolarization after photic stimulus shifts the resting membrane potential (- 40 

mV) to – 70 mV: the equilibrium potential for K+.   

 
Figure 2.2- Cone and rod photoreceptors immunolabelling. Confocal microscope images of vertical sections of 

human mid-peripheral retina. A shows immunoreactivity of Long/Medium (L/M) wavelength cone photoreceptors 

labelled with L/M cone opsin in green. Labelling is observed in the entire cone although it is stronger in inner 

segments (is). This cone opsin also labels cone bipolar cells (white arrowhead) and cells in the GCL (yellow 

arrowhead). ON bipolar cells are immunoreactive to islet-1 antibody in red (white arrow), islet-1 also labels 

ganglion cells (yellow arrow). B displays rod photoreceptor complete morphology as labelled by Rho4D2. Blue 

counterstaining with DAPI (4, 6-diamidino-2-phenylindole).  Abbreviations: os, outer segments; is, inner 

segments; ONL, outer nuclear layer; OPL, outer plexiform layer INL, inner nuclear layer; IPL, inner plexiform 

layer; GCL, ganglion cell layer.  Scale bar: 20µm.   

 

The photoreceptor inner segment comprises the cellular organelles, and is packed with 

many mitochondria that fuel the high metabolic demand of these cells (Ames et al., 

1992). In the dark, photoreceptors are depolarised by a continuous flow of cations 

through their outer segments (known as the dark current). The influx of Ca2+, Mg2+ 

and Na+ via a cyclic guanosine monophosphate (cGMP) gated membrane channel is 

counterbalanced by the active pumping of Na+ and K+ into the extracellular space by 

Na+/ K+ATPases and a Ca2+ exchanger (Baylor et al., 1979; Yau et al., 1979; Yau, 

1994). The constant consumption of ATP by these Na+/K+ ATP pumps places these 

sensory cells among the most metabolically active in the body (Miceli et al., 1994). 

The cone photoreceptor nuclei are located more distally in the ONL compared to rod 

nuclei. Conversely, rod synaptic terminals (called spherules) lie more distally in the 

IPL than do the cone synaptic terminals (pedicles). Cone pedicles are coupled to other 

cone pedicles through gap junctions (electrical synapses) where expression of 

connexin-36 occurs (Hornstein et al., 2004; Li and DeVries, 2004). Furthermore, the  
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coupling provides higher resolution as it improves the signal-to-noise ratio by 

averaging out the uncorrelated noise in individual photoreceptors. The human retina 

has three types of cones: blue or short-wavelength-sensitive-cones, green or medium-

wavelength-sensitive-cones and red or long-wavelength-sensitive cones. This variety 

of cones and their respective different spectral sensitivities  is what allows 

discrimination between monochromatic light and its perception as different colours 

(Squire, 2009). 

 

 Figure 2.3- Blue cone photoreceptor. Double 

immunochemical labelling of blue cone with S opsin (green) and rods with Rho4D2(red), respectively. 

Distal location of cones in the ONL (arrow) contrasts with more inner topological location of the rods 

(arrowheads). Scale bar: 10 µm   

 
Photoreceptor synaptic terminals contain a presynaptic specialisation known as 

synaptic ribbon, first described by Sjöstrand (1953). Each cone pedicle contains 20-40 

synaptic ribbons depending on the eccentricity (Chun et al., 1996). It is believed that 

synaptic ribbons serve high rates of neurotransmitter release, being the cone pedicles 

packed with synaptic vesicles containing glutamate (Massey, 2006). Post-synaptic 

processes of bipolar and horizontal cell approach the synaptic ribbons at indentations 

or invaginations under the cone pedicle (Dowling, 1987). Each cone pedicle has 

multiple “triads” of those invaginations (the primate retina has around 45 invaginating 

processes) (Haverkamp et al., 2001b).In addition to the pre-synaptic ribbon, the triad 

also comprises three post-synaptic invaginating processes correspondent to a central 

bipolar cell dendrite and two lateral horizontal cell dendrites (Dowling and Boycott, 



Chapter 2:                                                                                                        Literature Review 

11 
 

1966). There may be as many as 200 processes in each pedicle as multiple horizontal 

cell dendrites and 10-12 cone bipolar cells contact each cone (Haverkamp et al., 

2000). This fact makes the cone pedicle a candidate for the most complex synaptic 

structure in the central nervous system (Massey, 2006). Apart from the invaginating 

synapses, a specific type of bipolar cell makes flat contact (basal junctions) with the 

cone pedicle base. Rod spherule has a large synaptic ribbon which is thought to be 

related to a high rate of transmitter release. Furthermore, the spherule has only one 

synaptic complex commonly comprised of four elements (thus called “tetrad” instead 

of triad): two central invaginating dendrites from the rod bipolar cell and two lateral 

processes from horizontal cells.    

 

2.1.1.2. Bipolar Cells  

 

Bipolar cells conduct the visual signal to the inner retina after receiving input from 

the photoreceptors. As excitatory interneurons they use glutamate as neurotransmitter 

which is released from synaptic ribbons smaller than those of photoreceptors 

(DeVries, 2000). The major functional division in the retina consist of the ON and 

OFF channels served by ON and OFF cone bipolar cells. In the primate retina there 

are approximately 10 cone bipolar cells and only one rod bipolar cell (Boycott and 

Wässle, 1991; Haverkamp et al., 2003). Despite the advent of increasing number of 

antibodies labelling bipolar cells, cone bipolar cells are difficult to classify. However, 

an important reference assisting this classification is the depth of the bipolar cell axon 

termination in the inner plexiform layer (IPL) and the topological location of their 

soma in the INL. The primate IPL is characteristically divided into 5 sublaminae of 

equal width, with sublamina 1 (S1) as the most distal and S5 as the most proximally 

located in the IPL (Koontz and Hendrickson, 1987; Polyak, 1941). OFF bipolar cell 

axons terminate within the outer half of the IPL whereas the ON bipolar cell axons 

terminate in the inner half (Boycott and Wässle, 1991; Famiglietti and Kolb, 1976). 

Furthermore, the somata of monkey bipolar cells are also stratified, with OFF bipolar 

cells closer to amacrine cells and ON bipolar cells closer to the outer nuclear layer 

(Grünert et al., 1994). For example, figure 2.4 shows rod (ON) bipolar cells labelled 

with PKC-α (Figs. A and B, green) whose somata localize more distally in the INL 

and synaptic terminals end more proximally in the IPL. The opposite is observed in a 
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sub-type of OFF bipolar cells labelled with calbindin (fig. 2.4A, red). OFF and ON 

bipolar cells generate opposite signals in response to changes in light intensity. The 

reason for this different response despite the connection to the same cone 

photoreceptors lie in the expression of different post-synaptic glutamate receptors  by 

the two classes of cone bipolar cells (Slaughter and Miller, 1983a). OFF bipolar cells, 

similarly to cones, hyperpolarize after light stimulus. 

 
Figure 2.4- Immunolabelling of rod bipolar cells and photoreceptors. Confocal microscope images of 

vertical sections of human mid-peripheral retina. (A) shows calbindin labelling  in all three neuronal 

orders (cones, horizontal cells , OFF-bipolar (DB3) cells,  amacrine cells and ganglion cells (in red). In 

contrast,  protein kinase alpha antibody (PKC-α) is a marker for rod bipolar cells (in green, both 

images) with no colocalization occurring.  (B) shows rod photoreceptors ( labelled with Rho4D2) 

making contact with pkc-α positive rod bipolar cells at the outer plexiform layer. Abbreviations and 

scale bar as in figure 2.2. 

 

Therefore they provide sign-conserving synapses mediated by the ionotropic 

glutamate receptors (iGluRs): α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) and kainate (KA) receptors (Brandstätter et al., 1997; Morigiwa and 

Vardi, 1999; Qin and Pourcho, 2001). Activated by glutamate, these receptors in the 

dark, open non-selective cation channels allowing influx of Na+ and K+ resulting in 

membrane depolarization (Morigiwa and Vardi, 1999; Yang, 2004). 

 

ON bipolar cells depolarize under light-adapted conditions, therefore they are 

represented by sign-inverting synapse. mGluR6 is a glutamate metabotropic receptor 

expressed at the tips of the dendritic terminals of all ON bipolar cells, which include 

ON cone bipolar, blue cone bipolar cells and rod bipolar cells (Vardi et al., 2000). The 

signal inversion at the ON bipolar mGluR6 receptor defines the functional segregation 
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between ON and OFF channels which extends from the first retinal synapse to lateral 

geniculate of the thalamus (Thoreson, 2008). As a metabotropic receptor, mGluR6 

activation initiates an intracellular signalling cascade. This intracellular signalling 

cascade which begins with unbinding of glutamate appears to end with the opening of 

the transient receptor potential (TRP)M1 cation channel (Morgans et al., 2010). Under 

illumination, when there is minimal release of glutamate, cGMP-gated channels are 

opened allowing a sustained influx of current  (Nawy and Jahr, 1990). Conversely, 

hyperpolarization derives from the closure of those channels secondary to mGluR6 

activation by glutamate and ensuing second messenger cascade (Nawy, 1999).  

     

2.1.1.3. Ganglion Cells  

 
As the third neuronal order in the retina, the ganglion cells receive synaptic inputs 

from amacrine cells and bipolar cells in the IPL. These cells transmit the visual 

information from the “through” and “lateral” pathways to higher brain centres where 

it is subsequently relayed to the visual cortex (Dowling, 1987; Wässle, 2004). The 

ON/OFF functional segregation is preserved as the stratification pattern of the 

ganglion cell dendrites is parallel to that of the bipolar cells (Famiglietti and Kolb, 

1976). 

 

In the primate retina visual information is transmitted to the brain by at least 17 

distinct regional ganglion cell types defined by characteristic morphology, light 

response properties, and central projections (Dacey and Gazzaniga, 2004; Field and 

Chichilnisky, 2007).  The two most common types of retinal ganglion cells in 

primates are M (magnocellular) and P (parvocellular) cells. This classification refers 

to the separate projections of the various ganglion cells to the lateral geniculate 

nucleus (LGN). M ganglion cells project to the M cell layers of the LGN, whereas P 

ganglion cells project to the P cell layers (Thoreson, 2008; Dacey and Gazzaniga, 

2004). 

 

In terms of morphology and topological dendritic arborisation, the large cell bodies 

and large dendritic arborisations of the M cells resulting in large receptive fields 

which limit their contribution to fine feature analysis (Rodieck, 1998). M ganglion 
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cells categorized anatomically as parasol ganglion cells and their output is more 

related to motion and changes in illumination (Massey, 2006). Contrastingly, the 

small cell bodies with small dendritic arborisations of P ganglion cells result in small 

receptive fields. These cells are anatomically classified as midget ganglion cells and 

they comprise approximately 80% of the retinal ganglion cells that project to the LGN 

(Callaway, 2005). Midget ganglion cells are wavelength selective, therefore 

contributing to colour vision and fine feature analisys. In the primate perifoveal area, 

midget bipolar cells and midget ganglion cells that have tiny dendritic fields receive 

synapses from a single cone, forming the so called midget system (Polyak, 1941). 

This synaptic circuit improves spatial discrimination within the fovea (Massey, 2006). 

Midget and Parasol ganglion cells receive input only from (L)ong and (M)iddle 

wavelength sensitive cones. (S)hort wavelength sensitive cones provide input into two 

different sub-types of ganglion cells: blue OFF cells and small bistratified blue ON 

cells. The latter sub-type projects mostly to the koniocellular (interlaminar) regions. 

 

More recently, investigations have identified a class of ganglion cells that are 

intrinsically photo-sensitive, i.e., they do not require photoreceptoral input to respond 

to light (Dacey et al., 2005; Fu et al., 2005; Provencio et al., 2000). The inherent 

photo-sensitivity of these ganglion cells derives from the presence of the 

photopigment melanopsin (Figure 2.5). The unique localization of this opsin in the 

retina suggests that it does not participate in image formation, instead it mediates 

nonvisual photoreceptive tasks such as the regulation of circadian rhyhms (Provencio 

et al., 2000).  

 
Figure 2.5- Melanopsin-positive ganglion cell in peripheral human retina (arrow) and its widespread 

dendritic network (arrowheads). Scale bar: 50 µm.  
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2.1.2. Neurons of the lateral pathway 

In addition to the neurons of the through pathway, the retina contains neurons that 

modulate the visual signal across the retina. These are the horizontal cells and 

amacrine cells that together comprise the “lateral pathway” and form inhibitory 

feedback loops.   

  

2.1.2.1. Horizontal Cells  

 
Horizontal cells are interneurons with lateral arborisation in the outer retina that 

receive excitatory synaptic inputs from photoreceptors and make inhibitory synaptic 

contacts with cones and bipolar cells. Horizontal cell input is sign-conserving as they 

respond to diffuse light with a large hyperpolarization. Gamma-aminobutyric acid 

(GABA) is considered the predominant neurotransmitter released from horizontal 

cells promoting a negative feedback on photoreceptor synaptic terminals (Mosinger et 

al., 1986; Yazulla, 1986). Most of mammalian retinae contain two morphologically 

distinct horizontal cell types: A and B types (Peichl and González-Soriano, 1994). In 

the human retina, apart from the H1 and H2 horizontal cells a third (H3) sub-type has 

been suggested (Kolb et al., 1994). The nuclei of horizontal cells are located in the 

distal part of the INL with processes ramifying in the OPL. The B-type horizontal cell 

of the rabbit, cat and rodent is analogous to the H1 cell of the primate (Kolb, 1974; 

Polyak, 1941). H1 is a large cell type with a small dendritic arbour that contacts all 

red/green cones but not blue cones (Dacey et al., 1996). H1 also has an expansive 

axon terminal system that interconnects with many rod terminals. In contrast, the A-

type cells (H2 cell in primate) are generally axonless, and connect only with cone 

pedicles. Contacts with red/green cones are sparse, however, H2 dendrites densely 

innervate blue cone pedicles (Dacey et al., 1996). Apart from the collection of signals 

from many cones resulting in a large receptive field, horizontal cells also 

communicate with other horizontal cells through dendritic gap junctions (connexin 

57) modulated by dopamine (Kaneko, 1970). In the rabbit retina, the gap junctions 

between horizontal cells type A are immunolabelled with connexin 50. The high 

unitary conductance of connexin 50 combined with large plaques of some gap 

junctions explain why A-type horizontal cells form an electrical syncytium.  
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2.1.2.2. Amacrine Cells  

 
Amacrine cells were named by Ramón Y Cajal in the end of the XIX century to 

designate the retinal neurons occupying the innermost layer of the INL and that 

ramify at various strata in the IPL. These interconnecting neurons show the most 

diversity of any retinal cell type with more than 24 types described in human (Kolb et 

al., 1992). Although the vast majority of amacrine cell somata are located in the INL, 

some are displaced to the GCL. All amacrine cells show immunoreactivity for one or 

both of the major inhibitory neurotransmitters, GABA or glycine (Kalloniatis and 

Fletcher, 1993; Kalloniatis et al., 1996; Marc et al., 1995). As a general norm, 

glycinergic amacrine cells are multistratified, exhibit small cell somata and small, 

bushy dendritic fields  (Menger et al., 1998; Pourcho and Goebel, 1985). In contrast, 

GABAergic amacrine cells typically demonstrate a wide field dendritic morphology 

and may have cell bodies displaced into the ganglion cell layer (Figure 2.6A; 

Davanger et al., 1991; Mosinger et al., 1986). Sub-types of GABAergic amacrine 

cells co-express other neuroactive substances such as neuropeptides including 

somatostatin, vasointestinal peptide (VIP), cholecystokynin and substance P as well 

as other compounds such as acetylcholine, dopamine, glucagon, adenosine and nitric 

oxide (Brecha et al., 1988; Vaney and Young, 1988; Wässle, 2004; Witkovsky and 

Dearry, 1991).  

 

 
Figure 2.6- Confocal microscope images showing GABA-ergic amacrine and ganglion cells labelled 

with GAD-67 (A) and AII amacrine cells (B) labelled with calretinin. Scale bar: 20 µm.   
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Functionally, amacrine cells serve to modulate the through retinal signal and they are 

involved in multiple inner retinal sub-circuits. Possibly, the best characterized 

amacrine cell-related sub-circuit is the one involving rod-driven signals and AII 

amacrine cells labelled with calretinin (Figure 2.6B). This amacrine cell 

subpopulation is the most abundant (accounting for around 11% of all amacrine cells 

in the INL (Strettoi and Masland, 1996; Vaney, 1990) and serve as interneuron in the 

rod pathway (Bloomfield and Dacheux, 2001). Their somata show a single dendrite 

reaching sublamina b of the IPL where they make synapse with rod bipolar cells.  AII 

amacrine cells collect from approximately 25 rod bipolar cells through sign-

conserving synapses conveying the rod-driven signal to ganglion cells via gap 

junctions with ON cone bipolar cells (Mills et al., 2001) and via glycinergic sign-

inverting synapses onto OFF cone bipolar cells (Bloomfield and Dacheux, 2001; 

McGuire et al., 1984). The second most abundant subtype of amacrine cells are the 

starburst amacrine cells (Masland, 2005). These lateral neurons can be recognized by 

their GABA and acetylcholine content (Fig. 2.6). They are wide-field, monostratified 

neurons that synthesize and release both GABA and acetylcholine when depolarized 

(Masland, 2005). These cells seem to mediate the phenomenon of direction selectivity 

in the adult retina by inhibiting motion-selective retinal ganglion cells in a highly 

ordered manner (Fried et al., 2002).  

 

A small number (below 0.1%) of amacrine cells contain dopamine (Massey, 2006) 

which is immunocytochemically used to identify these neurons. Due to their low 

density, these cells have very long processes which extend for millimeters across the 

retina (Figure 2.7), thus providing a dense high coverage plexus of dopaminergic 

dendrites covering the whole retina (Dacey, 1990). Such plexus is mostly located in 

sublamina 1 of the IPL. Dopaminergic amacrine cells also contain GABA and the 

multiple dopaminergic varicosities form rings around AII amacrine cells. These rings 

are apparently GABA synapses (Contini and Raviola, 2003). Dopaminergic amacrine 

cells display a pattern of connections suggesting that they play a role in transferring 

information from the photopic pathway to the scotopic pathway (Voigt and Wassle, 

1987). 
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Figure 2.7- Confocal microscope images of vertical sections of human peripheral retina. A shows the 

large size of a dopaminergic amacrine cell labelled with tyrosine hydroxylase (TH – in green) and 

horizontal cells labelled with parvalbumin (red). B demonstrates the sparcity of TH amacrine cells 

whose long processes cover several millimeters across the retina at the IPL (arrows).  

2.1.3. Müller cells  

 
Müller cells are the major retinal glial cell comprising 90% of the retinal glia 

(Massey, 2006).  Müller cells fill all extracellular space in the retina denouncing the 

structural support as their processes envelope the neurons in the nuclear layers 

(Reichenbach and Reichelt, 1986). Their cell bodies are located in the middle of the 

INL and comprise 16% of the cells in the INL in the mouse retina (Jeon et al., 1998).  

Müller cells span the retina vertically, defining its distal and proximal boundaries. 

Their endfeet  form the inner limiting membrane (ILM - vitreal border) where no 

specialised tight junctions are seen and the Müller cell membrane facing the vitreous 

is covered with a mucopolysaccharide material, thus forming a true basement 

membrane (Abdelkader and Lois, 2008). 

 

The outer limiting membrane (OLM - facing RPE) is formed by multiple Müller cell 

apical villi, with specialised tight junctions between Müller cells and other Müller 

cells and photoreceptor cells (Miller and Dowling, 1970).  The elaborate structure of 

Müller cells and the intimate association between their processes and retinal neurons 

indicate the close functional inter-relationship between the two cell categories. During 

retinal development, Müller cells display impressive plasticity as they manifest 

localized development of processes in parallel with the developing adjacent 

neuroblast (Gullapalli et al., 2008).  In the adult retina, Müller cells have vital roles 
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not only associated with the structural support for adjacent cells, but also in the 

maintenance of extracellular environment. One essential function of Müller cells is 

the regulation of the extracellular K+ concentration, especially because its fluctuation 

alters neuronal excitability. Müller cell potassium channels are responsible for the 

process termed ’K+ siphoning’ in which K+ moves from areas of high extracellular 

concentration to others of low concentration (Kofuji et al., 2002). An important group 

of potassium channels that seem to contribute for K+ buffering system is the plasma 

membrane Kir channel family (Kofuji et al., 2002). These channels are referred to as 

“inward rectifying potassium channels” because K+ enters more promptly than it can 

exit. Kir channels (e.g., Kir2.1, 4.1 and 5.1) have been localized in very different sub-

cellular sites such as Müller cell endfeet and vascular ensheathing processes, 

suggesting that the vitreous and blood vessels may function as potassium sinks (Ishii 

et al., 2003; Nagelhus et al., 1999). Furthermore, colocalization between Kir4.1 and 

the water channel aquaporin-4 in membrane domains facing blood vessels and the 

vitreous have been demonstrated, suggesting that K+ and water movement are 

intimately connected in Müller cells (Nagelhus et al., 1999).  

 
Figure 2.8- Confocal Microscope images of Müller cells in the human mid-peripheral retina. A and B 

shows vertical sections labelled with glutamine synthetase (GS) and Glial fibrillary acidic protein 

(GFAP). Retina flat mounts are also shown labelled with GS (C) and GFAP (D) at the level of the 

nerve fiber layer (NFL). Scale bar: 20 µm.    
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Glial fibrillary acidic protein is normally immunocytochemically located to Müller 

cells at the level of the NFL (Fig. 2.8 B & D). However, GFAP is an important 

marker of reactive gliosis as it is upregulated and expressed in the entirety of Müller 

cells in the presence of metabolic stress (Erickson et al., 1987; Okada et al., 1990). 

Another fundamental role of Müller cells is the regulation of extracellular levels of 

glutamate and GABA. An important neuron/glia interaction is involved in the 

production, uptake and recycling of these amino acids neurotransmitters in 

mammalian retina (Kalloniatis and Tomisich, 1999; Napper and Kalloniatis, 1999; 

Napper et al., 1999; Ripps and Witkovsky, 1985; Tsacopoulos et al., 1998).  

Extracellular glutamate and GABA are taken up by Müller cell glutamate transporter 

GLAST-1 (Lehre et al., 1997; Sarthy et al., 2005) and GABA transporter GAT-3 

(Biedermann et al., 2002) respectively. Glutamate is quickly degraded to glutamine 

through the enzyme glutamine synthetase, which is exclusive to Müller cells (Fig.2.8 

A&C), ensuring a low level of extrasynaptic glutamate and thus preventing 

excitotoxicity (Ereciñska and Silver, 1990).  Glutamine is transported back to the 

neurons and can be converted to glutamate or other amino acids. The exchange of 

metabolites from the glutamate-glutamine cycle provides nutrients to the neurons 

(Kalloniatis and Tomisich, 1999). Furthermore, the conversion of glutamate to 

glutamine involves ammonia fixation. As ammonia production is associated with 

increased synaptic activity, the extracellular detoxification of ammonia may be 

another important role of Müller cells (Tsacopoulos, 2002).    

 

Müller cells also play a pivotal role in the maintenance of the retina nutritional needs. 

They transport glucose from the blood by GLUT 1 glucose transporter, convert it into 

glycogen which is stored (Mantych et al., 1993). Glucose uptake by Müller cells 

seems to be stimulated by synaptically released glutamate (Tsacopoulos, 2002). 

Likewise, the release of metabolic substrates after glycogen breakdown is thought to 

be regulated by neuron-derived neuroactive compounds (Sarthy et al., 2001)  

 

The highly active retinal metabolism generates large amounts of CO2  (Gullapalli et 

al., 2008). The sodium-bicarbonate co-transporter pNBC1 as well as large stores of 

carbonic anhydrase (that converts CO2 to bicarbonate) are found in Müller cells and 

RPE (Bok et al., 2001). Therefore this glial cell contributes to the preservation of the 

extracellular pH (Nagelhus et al., 2005). Müller cells are also important in the visual 
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cycle of cones as they provide the substrate for cone opsin regeneration (Mata et al., 

2002). In retinal development as well as in retinopathies, Müller cells are able to 

phagocytose debris from dying neurons (Bringmann et al., 2006; Reichenbach and 

Robinson, 1995). This clearance capacity may also help to maintain the clarity of the 

vitreous gel (Reichenbach and Robinson, 1995).  

 

2.2. Retinal amino acid neurochemistry 
 

2.2.1. Role of amino acids in the retina 

 
All cells have a basal requirement for amino acids in processes such as protein 

synthesis, however, these demands in post-mitotic neurons are relatively limited when 

compared with the concentrations and the fluxes of amino acids that are demonstrable 

in cells which use amino acids as neurotransmitters or which actively regulate the 

extracellular levels of amino acids.  

 

The principal amino acid neurotransmitters in the retina are glutamate, GABA and 

glycine (Neal, 1976; Massey and Redburn, 1987; Redburn, 1988; Barnstable, 1993; 

Pourcho, 1996; Thoreson and Witkovsky, 1999). In addition, a number of other amino 

acids including aspartate, homocysteic acid, and taurine have been identified in the 

retina, which are neuroactive, but have not been attributed neurotransmitter status at 

this time. Other amino acids which are relevant to the issue of neurotransmission 

include those, which are substrates in pathways that lead to the production or 

degradation of amino acid neurotransmitters. Such molecules include glutamine, N -

acetyl aspartyl-glutamate (NAAG) and N -acetyl aspartate. Also present are amino 

acids which are metabolised to other classes of transmitter such as arginine, which is 

the substrate for the formation of nitric oxide and tryptophan, which is needed to form 

serotonin and the NMDA receptor antagonist, kynurenic acid. Glutathione, a 

tripeptide, whose constituent amino acids (glutamate, glycine and cysteine) and the 

transport systems which regulate their availability are all intimately linked to 

neurotransmission, whilst glutathione itself also modulates receptors such as the 

NMDA receptor (Janaky et al., 1999) and may well be neuroactive in its own right at 

non-NMDA receptors.  
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Given the diversity of molecular species that are involved in the retina, the roles of 

transporters in regulating the levels of each molecular species will be discussed on a 

molecule by molecule basis, with reference both to historical approaches and to 

current strategies and ideas.  

 

Glutamate immunoreactivity in the retina  

 

Glutamate is the most prominent retinal excitatory neurotransmitter (Thoreson and 

Witkovsky, 1999). This amino acid is employed in the forward transmission of visual 

signals involving the three retinal neuronal orders: photoreceptors →bipolar cells 

→ganglion cells (Kalloniatis and Fletcher, 1993; Massey and Miller, 1987; 1990). 

Consequently, these neurons present the highest level of glutamate immunoreactivity 

in the retina. However, since glutamate is the precursor in the biosynthesis of other 

amino acids, virtually all retinal neurons display some level of glutamate 

immunoreactivity (Kalloniatis and Fletcher, 1993; Kalloniatis et al., 1996; Marc et al., 

1990; Marc et al., 1995; Pow and Robinson, 1994). “Lateral” neurons such as 

amacrine cells, apart from using glutamate as metabolite or precursor for GABA, 

display relatively low levels of glutamate also due to the presence of gap junctions 

through which diffusion of glutamate may occur (Davanger et al., 1991; Marc et al., 

1998b; Vaney and Young, 1988). Likewise, glial Müller cells show minimal levels of 

endogenous glutamate. Semi-quantification of immunolabelled retinal sections 

showed a concentration of glutamate in Müller cells equal or inferior to 50µM, 

contrasting with a glutamine concentration of 1 to 3 mM (Marc et al., 1990; Marc et 

al., 1998a; Pow and Robinson, 1994). Despite the presence of  high affinity uptake 

systems for glutamate, these low levels are maintained by a rapid degradation of 

glutamate via enzymes glutamine synthetise (GS) and glutamate dehydrogenase 

(GDH) complemented by reactions involving glutamate aminotransferases as detailed 

ahead. 

 
Glutamate homeostasis and glio-neuronal interaction  
  
The retinal biosynthesis and degradation of the amino acids glutamate and GABA are 

closely and reciprocally related and also linked with energy production via the tri-

carboxylic acid (TCA) cycle (Bender, 1985; Kalloniatis and Tomisich, 1999). In 

retinal neurons, glutamate can be formed through different biochemical routes. One of 
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them involves the enzyme phosphate-activated-glutaminase (PAG; Figure 2.9, 

reaction A) which converts glutamine into glutamate (Kvamme et al., 1985). This 

reaction represents the predominant provision of glutamate in neurons  for purposes 

of neurotransmission and as the precursor of GABA via glutamate decarboxylase 

(GAD) in GABAergic neurons (Fig. 2.9 reaction B) (Pow and Crook, 1996; Pow and 

Robinson, 1994). A second source of glutamate in neurons derives from 

transamination reactions involving amino acids substrates such as aspartate, alanine, 

leucine and ornithine which are catalyzed by correspondent enzymes, including: 

aspartate-aminotransferase (AAT), alanine aminotransferase (ALT), ornithine 

aminotransferase (OAT), branched chain amino acid aminotransferase (BCAT) and 

GABA aminotransferase. AAT stands out among the transamination reaction 

enzymes as the one which shows the highest activity in both neurons and glia 

(Ereciñska and Silver, 1990). The abovementioned transaminase reactions are 

dependent on the TCA cycle pathways because the end-products as well as the 

precursors are biochemical intermediaries in this cycle (Bender et al, 1985).Therefore, 

the availability of TCA cycle intermediaries are essential in the maintenance of intra-

neuronal glutamate pools. One such an intermediary, α-ketoglutarate, is the keto-acid 

of glutamate and thus provides the carbon skeleton for all the glutamate 

aminotransferase reactions (Bender, 1985; Ereciñska and Silver, 1990). Furthemore, 

glutamate can be also obtained from α-ketoglutarate + NH4
+ through glutamate 

dehydrogenase (GDH) in a bi-directional reaction (Figure 2.9, reaction C) (Ereciñska 

and Silver, 1990; Geffard et al., 1985).  

 

An important glio-neuronal metabolic link is the conversion of glutamate into 

glutamine which is essentially limited to Müller cells via the glial exclusive glutamine 

synthetase (GS) (Linser and Moscona, 1979; Pow and Robinson, 1994). The Müller 

cell-incorporated glutamate originates from neurotransmission and the exported 

glutamine will be taken up by neurons to replenish the glutamate pool, re-initiating 

the cycle. Accordingly, despite different possible biochemical sources, the 

neurotransmitter released in the synaptic terminal of the glutamatergic neuron is 

preferentially originated from glutamine rather than glucose (Bradford et al., 1989). 

Furthermore, the glutamate/glutamine cycle after rapid uptake of glutamate by Müller 

cells is important in preventing neurotoxicity associated with increased extracellular 
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levels of glutamate (Shaked et al., 2002), although GS function demands ATP and 

thus oxygen or glucose availability (Ereciñska and Silver, 1990).         

 

GABA 

 

Retinal GABAergic synapses are essentially represented by amacrine and horizontal 

cells which modulate the radial flux of information conveyed by glutamatergic 

vertical pathway (Calaza et al., 2006; Deniz et al., 2011). Immunolabelling of GABA 

has been predominatly observed in subpopulations of amacrine (including displaced) 

and ganglion cells (Fletcher and Kalloniatis, 1996; Marc and Jones, 2002; Mosinger 

et al., 1986). Although the presence of GABA in non-mammalian horizontal cells is 

established (Yazulla, 1986), its presence in primate retina depends on eccentricity 

(Kalloniatis and Tomisich, 1999). 

 

GABA metabolism 

After neurotransmission GABA uptake is mainly mediated by Na+/Cl- dependent, 

specific and  high affinity transporters – GATs (de Melo Reis et al., 2008). Four  

GABA transporters have been identified so far and also the vesicular transporter 

(VGAT), all of them described in glial cells (Schousboe, 2000). GABA is synthesized 

in neurons from decarboxylation of glutamate through glutamic acid decarboxylase 

(GAD). GAD-65 and more recently GAD-67 have been immunolocalized in amacrine 

and horizontal cells of several species (Andrade da Costa, 2000; Hurd and Eldred, 

1989; Mosinger and Yazulla, 1985; Yang and Yazulla, 1994).   

 

After being uptaken from Müller cells, GABA is promptly converted to glutamate by 

the GABA transaminase (GABA-T) as the primary mechanism of GABA turnover 

and an aerobically dependent process (Bender, 1985; Ereciñska and Silver, 1990; 

Kalloniatis and Napper, 1996; Kalloniatis and Tomisich, 1999). GABA-T is localized 

in the mitochondria (Schousboe, 2000) and responsible for the very efficient 

transaminase reaction so that virtually no GABA sign can be detected by 

immunohistochemistry in human and feline retinae (Davanger et al., 1991; Marc et 

al., 1998b). In fact, GABA immunolabelling in Müller cells is only found under 

pathological circumstances or secondary to pharmacological inhibition of GABA-T 

(Barnett and Osborne, 1995; Neal et al., 1989; Perlman et al., 1996; Yazulla et al., 
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1997). In normal conditions, GABA is converted to succinate via GABA-T and 

succinate semi-aldehyde dehydrogenase (SSAD) in the process known as “GABA 

shunt” (Fig. 2.9) (Ripps and Witkovsky, 1985; Yazulla, 1986), when it enters the 

TCA cycle. 

 
Figure 2.9- Simplified scheme of glutamate metabolism in the retina. Several pathways are involved in 

glutamate biosynthesis (reaction A and C). After being released into the synaptic cleft, glutamate is 

taken up by Müller cells and coverts to glutamine reaction D). The pathway for GABA synthesis is also 

included (reaction B) (modified from Kalloniatis & Tomisich, 1999). 

 

Glycine 
 

The other major inhibitory neurotransmitter in the retina, glycine, is abundant with 

more than 50% of the amacrine cells containing high levels of this amino acid what 

suggests its use as neurotransmitter (Hendrickson et al., 1988; Massey and Redburn, 

1987; Mills and Massey, 1991). In the feline retina, Pourcho and Goebel (1985) 

recognized four amacrine sub-populations accumulating glycine, that correspond to 

the following cells described by Kolb et al. (1981):  AII, A3, A4 and A8. Due to their 

gap junction mediated connection to ON bipolar cells, AII amacrine cells facilitates 
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entry of glycine to these bipolar cells resulting in some level of glycine-

immunoreactivity (Marc, 1985; Vaney and Young, 1988). This proposition is 

corroborated by the absence of glycine transporter in these bipolar cells (Pow, 2001). 

 

Glycine metabolism   

Glycine biosynthesis is not completely understood. One possible option refers to the 

biochemical precursor serine via the enzyme serine hydroximethyltransferase (Marc 

and Liu, 1985). The very low levels of activity of this enzyme in the retina (Dasgupta 

and Narayanaswami, 1982) combined with the minimal evidence for the presence of 

serine pools in any amacrine cell (Kalloniatis and Tomisich, 1999) suggest that there 

is little glycine biosynthesis in the retina. However, the retina is very permeant to 

exogenous glycine (Pow, 2001) and vitreous body seems to be a reservoir of glycine 

originated from the vasculature (Toth et al., 1983) Furthermore, a high affinity 

glycine transporter (Glyt-1) was observed in all amacrine cells that have 

immunocytochemically identifiable glycine pools in all species studied to date (Pow 

and Hendrickson, 1999). The conjunction of these data suggests that glycine uptake, 

rather than biosynthesis is the main responsible for the glycine content in the retina. 

 

Glutamine 

 

Glutamine is the major biochemical precursor of glutamate in the retina (Pow and 

Crook, 1996; Pow and Robinson, 1994). Consequently, some level of glutamine 

immunoreactivity is detected in most retinal neurons (Kalloniatis and Tomisich, 

1999), although ganglion cells are the neuronal population with highest 

immunolabelling levels of glutamine in some species (Kalloniatis and Napper, 1996; 

Marc et al., 1990). This particular feature allows the distinction between displaced 

amacrine and ganglion cells in the GCL, especially if analysed in conjunction with the 

distribution of aspartate and glutamate (Kalloniatis and Tomisich, 1999). 

Nevertheless, the synthesis of glutamine via GS in Müller cells explains the high 

immunoreactivity of glutamine in these glial cells. This process subserves the 

recycling of glutamate’s carbon skeleton and helps to prevent extracellular 

accumulation of glutamate and associated neurotoxicity (Shaked et al., 2002) 
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Taurine 

 

Taurine is a sulphur containing amino acid (2-aminoethane sulphonic acid) which 

shows structural similarities with GABA and glycine (Bulley and Shen, 2010). It is 

the most abundant free amino acid in the retina and accounts for approximately 45% 

of the total amino acid pool in the retina. Its concentration is almost 20 times higher 

than that of glutamate in the goldfish retina (Marc et al., 1995) and most of this 

content have been localized to photoreceptors (Hussain and Marshall, 2008; Orr et al., 

1976; Voaden et al., 1977) including in the  primate retina (Kalloniatis et al., 1996). 

Taurine has been implicated in neural development, osmoregulation, maintenance of 

membrane integrity and trophic support to the retina (Chen et al., 2010; Pow et al., 

2002). However, little is known about its function in neurotransmission and 

neuromodulation. More recently, Bulley and Shen (2010) observed that  taurine 

reduces glutamate-induced Ca2+ ions influx through glutamate ionotropic receptors 

and voltagedependent Ca2+ channels in retinal neurons. They also localized taurine 

and taurine transporter to photoreceptors and OFF-driven bipolar cells. These findings 

suggest a possible mutual inhibition between glutamate and taurine, thus contributing 

to computation of visual signalling in post-synaptic retinal neurons (Bulley and Shen, 

2010). 
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2.3. Glutamate receptors in the retina  
 

2.3.1. General considerations of glutamate receptors 

  
Glutamate is the fundamental excitatory neurotransmitter in both synaptic layers of 

the retina. Subsequent to its release from the presynaptic terminal, glutamate diffuses 

across the cleft with ensuing binding to glutamate receptors on the dendrites of the 

post-synaptic neurons (Yang, 2004). The effects of glutamate are mediated by two 

broad families of receptors: ionotropic glutamate receptors (iGluRs) and metabotropic 

glutamate receptors (mGluRs). These receptors were identified according to their 

pharmacological and physiological characteristics in the retina (for review see 

(Hollmann and Heinemann, 1994; Yang, 2004).   

 

Ionotropic glutamate receptors form ligand gated cation channels from the co-

assembly of different protein subunits. Therefore, different subunit arrangements and 

mixtures lead to channels with distinct characteristics. Different types of iGluRs  have 

been identified and they bear the names of their selective agonists: α-amino-3-

hydroxy-5-methyl-4-iso-xazole-propionic acid (AMPA), Kainate (KA) and N-methyl-

d-aspartate (NMDA) (Bleakman and Lodge, 1998). iGluRs account for the majority 

of the fast excitatory synaptic transmission in the retina (Brandstätter, 2002). This can 

be inferred by the direct binding of the agonist to the single complex made by 

receptor and ion channel. Traditionally, the iGluRs have been categorized as either 

NMDA or non-NMDA subtypes, depending on whether or not they are activated by 

NMDA. iGluRs are homo- or heteromeric receptor protein complexes that bind 

glutamate and they are non-selective cation channels.   

 

Metabotropic glutamate receptors (mGluRs) are different from iGluRs both in 

function and structure. They do not form integral ion channels as they are G protein 

coupled monomeric proteins that promote their effects by influencing different 

intracellular second messenger systems (Brandstätter, 2002). Currently, eight different 

mGluRs (mGluR1–mGluR8) have been cloned and classified into three classes based 

on agonist selectivity, sequence homology and the capacity to couple to specific 
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enzyme systems (for review see (Conn and Pin, 1997; Hollmann and Heinemann, 

1994; Pin and Duvoisin, 1995).  

2.3.2. AMPA/KA receptors 

 
Non-NMDA (AMPA and KA) receptors are more permeable to both Na+ and K+ than 

to Ca2+ (Mayer and Westbrook, 1987; Yang, 2004). The glutamate agonist kainate 

mediates a fast desensitizing response in KA receptors while producing an incomplete 

desensitizing response in AMPA receptors (Lerma et al., 1993; Patneau et al., 1993). 

This implicates in absence of selective antagonists for non-NMDA receptors. 

However, the fact that AMPA receptors recover considerably faster from a 

desensitizing puff of glutamate than KA receptors is an important difference between 

these two iGluRs (Jonas et al., 1993; Paternain et al., 1998). The binding of kainate 

onto AMPA receptors induces a sustained response. However, the contrary, i.e., 

binding of AMPA to KA receptors, promotes a weak response. This makes KA a 

potential excitotoxic agent (Choi and Rothman, 1990).   

   

AMPA receptors are tetrameric structures (Mano and Teichberg, 1998; Rosenmund et 

al., 1998) whose subunits are encoded by four different genes (GluR1, 2, 3 and 4). 

These subunits are assembled into homo- or heteromeric configuration (Boulter et al., 

1990; Keinanen et al., 1990). AMPA receptor channels present minimal permeability 

to Ca2+ (Jonas and Sakmann, 1992). Consequently, ionic currents activated by 

glutamate through these channels will not allow the entry of enough Ca2+ ions to 

trigger cell biological processes initiated by increased intracellular Ca2+ levels. 

However, in pathological conditions such as ischemia, the reduced expression of the 

subunit GluR2 has been considered associated to an increased entry of Ca2+ ions into 

cells resulting in cell death (Pellegrini-Giampietro et al., 1992). 

 

Five different subunits contribute to KA receptors (Hollmann and Heinemann, 1994). 

They are grouped into two families on the basis of agonist binding and sequence 

homology: the high affinity KA receptors (KA1 and KA2) and the low affinity KA 

receptors (GluR5, GluR6 and GluR7) (Huettner, 2003; Nakanishi, 1992). The high 

affinity KA receptor subunits are approximately 70% identical (Herb et al., 1992; 

Werner et al., 1991) although share only 40% identity with GluR5-7 (Huettner, 2003). 
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KA receptors are formed by the heteromeric assembly of one or more subunits of high 

affinity subtype with one or more of GluR5-7 subtypes (Hollmann and Heinemann, 

1994).  A particular relevant feature of KA receptors is evidence that they may 

contribute to synaptic plasticity (Bortolotto et al., 1999). 

 

Photoreceptors, as the first order neurons of the retina, have no glutamatergic neurons 

presynaptic to them. Therefore, any GluRs detected at their synaptic terminal should 

work as autoreceptors, which could participate in modulation of the glutamate release 

from the photoreceptor terminal (Yang, 2004). Although immunolabelling of GluR2/3 

has been documented in the outer segments of cones of lower vertebrate retinas (Peng 

et al., 1995), the specificity of the antibodies has been questioned (Brandstätter et al., 

1998). It seems that there is no definite immunocytochemical evidence for the 

presence of iGluRs in photoreceptors. However, it has been reported that GluR6/7 

subunits may be expressed at rod axon terminals in primate retina, with the possible 

role of providing a steady inward current to preserve consistent depolarization of the 

rod synapse (Harvey and Calkins, 2002).  

 

In situ hybridization studies have demonstrated the expression of both iGluR and 

mGluR groups subunits in the OPL in the mammalian retina at the mRNA level 

(Brandstätter et al., 1994; Hartveit et al., 1995; Hughes et al., 1992; Müller et al., 

1992). These studies have been complemented by extensive immunocytochemical 

localization to horizontal cells in various species. Regarding iGluRs, immunolabelling 

for GluR2/3, GluR4 and GluR6/7 subunits in somata and dendrites of horizontal cells 

is strong in cat retina (Morigiwa and Vardi, 1999), moreover GluR6 and GluR 6/7 are 

expressed by both type A and B horizontal cells in that feline retina (Qin and 

Pourcho, 2001). Primate horizontal cells express GluR2, GluR2/3 and GluR4 

subunits, and  GluR2/3 and GluR4 were detected in every triad of  M/L and S cone 

pedicles (Haverkamp et al., 2001b). Furthermore, the KA low affinity subunit GluR 

6/7 was shown specifically expressed on primate H1 horizontal cells (Haverkamp et 

al., 2001a).  Shen et al. (2004) using whole cell recording of horizontal cells from 

cultured human retina demonstrated that these cells have both AMPA and KA 

receptors. Mapping ionotropic glutamatergic drive in mouse retinal neurons with 

AGB, Sun and Kalloniatis (2006) demonstrated that NMDA activation did not lead to 

activation of horizontal cells above basal levels. Accordingly, the overall impression 
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is that in the mammalian retina AMPA receptors are the main responsible for the 

signalling from photoreceptors to horizontal cells, although KA receptors may be 

involved in this process in specific subtypes of horizontal cells. While AMPA 

receptors mediate signal transmission from photoreceptors to horizontal cells 

regardless the presynaptic drive (horizontal cells are driven by rods, by cones, or by 

both rods and cones), there may be different AMPA receptor subtypes with different 

characteristics (permeability to calcium and desensitization, etc.) on these neurons, 

mediating signal transfer from distinct types of photoreceptor cells (Yang, 2004). 

 

It is generally accepted that the startpoint of the ON and OFF pathways occurs at the 

level of bipolar cells (Dowling, 1987). OFF and ON bipolar cells are hyperpolarized 

and depolarized by light falling on the centre of their receptive fields, respectively 

(Yang et al., 2004). According to established propositions from the early 1980’s 

(Shiells et al., 1981; Slaughter and Miller, 1981), the generation of hyperpolarizing 

light responses from OFF bipolar cells requires the activation of an iGluR. Whereas, 

the depolarizing light responses of ON bipolar cells is generated by the activation of a 

mGluR. The presence of ionotropic glutamate receptors in the ON pathway is 

unusual, because of the sign conserving feature of these receptors. In fact, a 

phenotypical revision of ON bipolar cells expressing KA receptors have been 

implicated in a corrupted retinal circuitry in inherited forms of retinal degeneration 

(Chua et al., 2009; Marc et al., 2007). However, there has been immunocytochemical 

evidence for the presence of AMPA receptor subunits on rod bipolar cells. For 

example, GluR2/3 and GluR4 subunits have been observed on rod bipolar cells in the 

cat (Morigiwa and Vardi, 1999; Vardi et al., 1998) whereas GluR2 is expressed in the 

rat rod bipolar cells (Kamphuis et al., 2003). The abovementioned observations have 

not been corroborated by electrophysiological studies (Hartveit, 1996; Marc, 1999a) 

 

In cat retina bipolar cells making basal contacts with cones (putative OFF cells) 

express GluR2/3, GluR4 and GluR6/7 (Morigiwa and Vardi, 1999). Furthermore, 

GluR5 immunolabelling was documented in the cell bodies and dendrites of 

numerous cat cone bipolar cells (Qin and Pourcho, 2001). The rat retina expresses 

only one type of high affinity KA receptor subunit: KA2 which has been found in 

OFF bipolar cell of that species (Brandstätter et al., 1994; Brandstätter et al., 1997).  

In the primate retina, GluR5 and GluR6/7 have been shown not clustered in the same 
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hot spots, thus indicating different synapses (Haverkamp et al., 2001a). The different 

synaptic locations of these two KA subunits suggests that either there is a correlation 

between a subunit and a type of OFF bipolar cell or that OFF bipolar cells receive 

mixed input. Regarding AMPA subunit locations in OFF bipolar cells, GluR1 has 

been only observed at flat contacts of OFF bipolar cells in different mammalian 

retinas including primates (Hack et al., 2001; Haverkamp et al., 2001b; Qin and 

Pourcho, 1999). Although, physiological studies in the ground squirrel retina 

demonstrated that KA receptors are predominantly responsible for the transmission at 

the cone to OFF bipolar cell synapse (DeVries and Schwartz, 1999), a specific type of 

bipolar cell (b2 cell) received input from AMPA receptors. Furthermore, the b2 cell 

resembled the primate DB3 OFF bipolar cell (DeVries, 2000).  

 

Based on morpho-physiological and biochemical criteria, more than twenty classes of 

amacrine cells have been described in the retina, containing a range of 

neurotransmitters (Masland, 1988; 2001). One of these amacrine cells, AII, despite 

making glycinergic inhibitory contacts with OFF cone bipolar cells, receives input 

from rod bipolar cells at the synaptic dyads. At that synaptic location, GluR2/3 and 

GluR4 subunits have been shown by immunocytochemistry (Ghosh et al., 2001; Li et 

al., 2002). This goes in line with a physiological study in rodent retina which shows 

responsiveness of AII to AMPA and KA application (Boos et al., 1993). Also 

noteworthy, AI amacrine cells, which obtain input from the rod bipolar cell axon 

terminal via a GABAergic mutual synapse, may express KA receptor subunits 

(Brandstätter et al., 1997; Ghosh et al., 2001; Qin and Pourcho, 2001). In the primate 

retina, amacrine cell processes expressed AMPA receptor subunits (GluR4) (Grünert 

et al., 2002).   

 

2.3.3. NMDA receptors 

 
NMDA receptors are glutamate-gated cation channels with elevated Ca2+ permeability 

that play pivotal roles in many neurobiological aspects of higher organisms (Blanke 

and VanDongen, 2009).  Apart from the higher permeability to Ca2+ ions, NMDA 

receptors have properties unique among iGluRs. They possess much slower activation 

kinetics and remain open much longer than non-NMDA receptors (Scott and Ehlers, 
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2004). Glutamate binding to non-NMDA receptors is a sufficient condition for their 

channel opening. However, NMDA activation requires three separate events: 1) 

binding of glutamate, 2) binding of the co-agonist glycine, and 3) a sufficiently large 

membrane depolarization to remove Mg2+ ions that enter and block the channel pore 

at resting membrane potentials (Scott and Ehlers, 2004). The concept of “coincidence 

detection” applies to these sine qua non requirements for NMDA activation: the 

simultaneous postsynaptic membrane depolarization (which removes Mg2+ block of 

NMDA receptors) and the glutamate release from the presynaptic terminal (Seeburg 

et al., 1995).  

 

NMDA receptors are object of particular interest because of their contributions to 

excitotoxicity and long-term potentiation. NMDA receptor subunits are classified into 

three groups: NR1 subunits, which are encoded by one single gene; NR2 subunits 

which are encoded by four genes (NR2A-D); whereas NR3 subunits are encoded by 

two genes (NR3A-B). NMDA receptors, unlike AMPA and KA receptors, are 

heteromers that require the assembly of NR1 subunits with either NR2 or NR3 

subunits to compose functional channels (Kutsuwada et al., 1992; Moriyoshi et al., 

1991). The heterotetrameric assembly of these subunits occurs in the endoplasmic 

reticulum forming functional channels which, through different combinations, 

generate various post-synaptic responses (Shen et al., 2006). Most recently, it has 

been reported that NR3A, a novel NMDA receptor subunit, is specifically expressed 

in the inner retina of mouse and may modulate NMDA receptor-mediated calcium 

influx and thus intracellular Ca2+ levels in amacrine and ganglion cells (Sucher et al., 

2003). 

 

In terms of NMDA receptor localization, it is generally accepted the absence or rarity 

of functional NMDA receptors in photoreceptors. This notion is supported by the lack 

of immunoreactivity for NMDA receptors in these sensory cells (Vandenbranden et 

al., 2000) and by the fact that no currents to NMDA could be induced by them 

(Sarantis et al., 1988; Tachibana and Kaneko, 1988). However, immunocytochemical 

studies have shown the localization of some NMDA subunits in photoreceptors. For 

example, Fletcher et al. (2000) reported the labelling of NR1C2’ in photoreceptor 

terminals of rat retinas. Kalloniatis et al. (2004) confirmed this observation in rabbit 

retinas. The possible existence of autoreceptors in the photoreceptors may explain 
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these findings, although receptor subunit expression does not necessarily indicate 

receptoral functionality. Accordingly, the use of the intracellular reporter agmatine 

(AGB) revealed no change in entry of this molecule  in cone photoreceptors after 

NMDA activation (Kalloniatis et al., 2004).  

 

It is also generally believed that the signalling process between photoreceptors and 

second order neurons is mediated by metabotropic and non-NMDA ionotropic 

receptors. Accordingly, most immunocytochemical studies did not demonstrate 

immunolabelling for NMDA receptor subunits in horizontal cells of different higher 

vertebrate species (Kalloniatis et al., 2004; Marc, 1999a; Vandenbranden et al., 2000).       

Likewise, no NMDA-induced current responses were recorded from neither ON 

bipolar cells (Euler et al., 1996; Hartveit, 1996) nor OFF bipolar cells. In agreement 

with these findings, the basal AGB labelling observed in rabbit ON bipolar cells was 

not shown to be facilitated by NMDA receptors (Kalloniatis et al., 2004).  

Furthermore, electrophysiological recording from rod bipolar cells in rat retina slice 

preparation produced no indication of NMDA receptor-mediated responses (Hartveit, 

1996). Nevertheless, evidence from immunocytochemical and in situ hybridization 

studies suggest the localization of NMDA receptor subunits on bipolar cells. In 

primate retina, NR1C2’ is specifically found in the axons of flat midget bipolar cells 

(Grünert et al., 2003), whereas in rat retinas NR2C is observed in the somata of 

bipolar cells by in situ hybridization technique (Brandstätter et al., 1994).  

 

There is evidence for the existence of both NMDA and non-NMDA functional 

ionotropic receptors on amacrine cells.  Intracellular recordings have demonstrated 

that many amacrine cell subtypes are depolarized by NMDA (Massey and Miller, 

1990; Slaughter and Miller, 1983b). In the feline retina, the expression of NR2A 

subunit has been shown in all GABAergic amacrine cells and displaced amacrine cells 

(Wenzel et al., 1997).  This finding in conjunction with the evidence that NMDA 

stimulates GABA release from amacrine cells (Huba and Hofmann, 1991; Ientile et 

al., 1997; Yamashita et al., 1994) suggest that NMDA receptors may participate in the 

modulation of GABAergic inhibitory feedback to bipolar cells via reciprocal synapse 

(Shen et al., 2006). The NMDA receptor subunits NR1, NR2A and NR2B are found 

on cone driven amacrine cells, although they are not expressed at the rod bipolar cell 

dyads (Boos et al., 1993; Brandstätter et al., 1994; Fletcher et al., 2000; Kalloniatis et 
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al., 2004). These findings may suggest that the NMDA receptor expression in 

mammalian retinas may be influenced by the types of photoreceptor signals. 

However, there is no conclusive evidence regarding the participation of NMDA 

functional receptors in the rod-driven pathway. Conflicting findings were obtained 

from electrophysiological studies concerning the presence of NMDA receptors in AII 

amacrine cells (Boos et al., 1993; Hartveit and Veruki, 1997).   

 

Similarly to amacrine cells, ganglion cells are thought to express all iGluRs. AMPA 

receptor subunits were observed in all cells in the GCL (Brandstätter et al., 1997; 

Gründer et al., 2000; Hamassaki-Britto et al., 1993; Hughes et al., 1992; Müller et al., 

1992; Peng et al., 1995; Qin and Pourcho, 1996). It seems that these cells also express 

NR1 and NR2A-C (Brandstätter et al., 1998; Hartveit et al., 1994; Vandenbranden et 

al., 2000). KA1 mRNA was observed in mouse ganglion cells (Zhang et al., 1996).  In 

fact, it is generally agreed that ganglion cells express both NMDA and non-NMDA 

receptors and there seems to an interplay between these ionotropic receptors groups 

(Shen et al., 2006).   
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2.4. Functional visualization of glutamate ionotropic 

receptors - Agmatine  
 
Agmatine (1-amino-4-guanidobutane, AGB) is divalent organic cation (guanidinium 

family) and polyamine that can be used as an intracellular reporter due to its property 

of probing cation channels. AGB investigative application in neural tissue involves 

the concept of excitation mapping which is one method of tracking neuronal activity 

with organic cations as permeant reporters (Marc et al., 2005). AGB can enter a range 

of nonselective cation channels providing a direct means of assessing the sensitivity 

of individual neurons to specific neurotransmitters (Dwyer et al., 1980; Picco and 

Menini, 1993; Yoshikami, 1981). Autoradiography was the inaugural modality of 

visualizing the AGB permeability through acetylcholine gated channels on 

sympathetic cells and vestibular neurons (Kuzirian et al., 1986; Yoshikami, 1981). 

Subsequently, AGB or guanidinium probing was used to assess serotonin gated 

channels of cultured neurons (Emerit et al., 1993) and cGMP-activated channels in 

rod photoreceptors (Picco and Menini, 1993). The advent of immunocytochemistry 

facilitated the detection of AGB and the tracking of cation fluxes via glutamatergic 

channels in olfactory bulbs (Edwards and Michel, 2002; 2003) and especially in the 

retina (Marc, 1999a; b; Marc et al., 2007; Marc et al., 2005; Sun and Kalloniatis, 

2006). The double-labelling of AGB and macromolecular markers can improve 

identification of particular neuronal population and their normal functional profile 

(Marc and Jones, 2002; Marc et al., 2007) as well as in pathological conditions (Marc 

et al., 2007; Sun et al., 2007b). Consequently, AGB represents a powerful resource in 

assessing the functionality of cation channels of entire neuronal populations 

simultaneously while maintain structural integrity.  

 

Factors that proportionally influence AGB entry into the cell include i) AGB 

concentration, channel permeability and the driving force of the channel (Marc et al., 

2005). AGB continually accumulates into the neuron and it is not expelled by Na+/ 

K+- ATPase, therefore it measures current through current over time instead of 

voltage over time. Consequently, the levels of AGB in a given cell reflects the 

excitation history presented by a neuron during AGB flux via cation channels (Marc 

et al., 2005). After assessing several possible routes for AGB entry into the retina, 
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including Na+-coupled transporters, voltage-gated Ca2+ and Na+ channels, high 

affinity uptake systems and agents mimicking other neurotransmitters such GABA, 

glycine and acetylcholine, AGB seemed to preferentially enter activated ionotropic 

glutamate receptor channels (AMPA, KA and NMDA) (Marc, 1999a; b) and the ON 

bipolar cell metabotropic glutamate receptor mGluR6 (Kalloniatis et al., 2004; Marc 

et al., 2005). Furthermore, after short incubation AGB permeates cone photoreceptors 

but not rods. This preferential entry to cones is not completely understood, however it 

may occur via the activation of ion channels during phototransduction cascade (Marc, 

1999a; b). 

 
Figure 2-10. AGB influx into retinal neurons secondary to exogenous ligand activation or 

endogenous glutamate-gated signalling. A) Exogenous drive: Different ligands (AMPA, α-amino-3-

hydroxy-5-methylisoxazole-4-proprionic acid; KA, kainate; NMDA, N-methyl-D-aspartate) activate 

iGluRs and mGluR6 allowing AGB entry. The use of AGB signals are proportional to the total iGluR 

or mGluR cation currents (ic) when using incubation protocols shown to be insensitive to endogenous 

glutamate-gated signaling (e.g., 5mM AGB/10 min. incubations; Marc, 1999b). Anion currents (ia) 

mediated by GABA and glycine receptors (GABAR, glyR) do not decrease the AGB signal and may 

slightly amplify it by increasing the driving force. B) Endogenous drive: intrinsic glutamate 

neurotransmitter release from either photoreceptor cells (PR) or bipolar cells (BC) can trigger AGB 

entry in BC, amacrine cells (AC) and ganglion cells (GC). However, ic and ia (and other mechanisms) 

antagonistically sum to control release of glutamate from BCs, so that the AGB signal in ACs and GCs, 

in particular, reports the sum of presynaptic excitation and inhibition through glutamate release from 

BCs (obtained with permission from Marc et al., 2005). 
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One important issue related to AGB activation by a known ligand (e.g., KA, or 

NMDA) is the possibility of endogenous signalling of glutamate interferes with the 

interpretation of exogenous ligand activation signals. Marc (Marc, 1999a; b) 

demonstrated this does not occur because i) exogenous glutamate signaling is not 

evident without blockade of glutamate transporters; ii) adding NMDA antagonists do 

not change the KA pattern; iii) KA and NMDA activation generate very different 

laminar patterns in the IPL; iv) endogenous glutamate signalling is not detectable with 

brief incubation. AGB accumulation derives from the integrated flow through active 

glutamate receptor gated channels. Two factors exist that regulate AGB entry: i) 

number of open channels available; and ii) subunit composition of the receptor. The 

various combinations of receptor subunits on AMPA, KA and NMDA will affect 

neuronal functional properties such as affinity, kinetics and permeability (Marc, 

1999b). The various types of subunits of one neuron cannot be identified by AGB 

entry. Another limitation of AGB regards the exact interpretation of AMPA versus 

KA activation pattern. Kainate activation pattern may disproportionally  reflect 

neurons with AMPA receptors because of the non-desensitization nature of AMPA 

receptors and rapid desensitization of KA receptors to the kainate glutamate analogue 

(Jonas et al., 1993; Paternain et al., 1998). However, apart from the clear distinction 

between NMDA and non-NMDA ionotropic receptors, AGB allows the 

discrimination between functional ionotropic and metabotropic glutamate receptors. 

This can be exemplified by the absence of AGB permeation into rod bipolar cells 

after activation with AMPA/KA (Marc, 1999a).      

 

The use of AGB in colocalization with macromolecular markers has contributed 

significantly in retinal neuroscience as investigative tool of cellular function in the 

different conditions including i) the emergence of glutamate signalling pathway and 

functional activation of glutamate ionotropic receptors in developing retinae (Acosta 

et al., 2008; Acosta et al., 2007; Chang et al., 2009; 2010; Chang and Chiao, 2008), 

normal adult retina (Sun and Kalloniatis, 2006) in pathological condition such as ii) 

ischemic and reperfused retina (Sun et al., 2007b) and iii) in early (Chua et al., 2009) 

and advanced stages (Marc et al., 2007) of  inherited retinal degeneration. 
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2.5. Retinal detachment  
 
The term retinal detachment is used to characterize a separation of the neurosensory 

retina from the retinal pigment epithelium. This separation re-creates the potential 

space that is present between the original layers in the embryonic optic cup (Dartt, 

2010). Regardless of the primary pathophysiological mechanism, a common feature 

among all types of retinal detachment is the accumulation of sub-retinal fluid. Such 

fluid accumulation takes place when the normal metabolic (RPE pump) and physical 

(osmotic choroidal pressure and interphotoreceptor matrix) forces are compromised 

and/or overwhelmed (Ryan, 2006). There are three types of retinal detachment in the 

clinical practice: 1) Rhegmatogenous retinal detachment, which is by far the most 

common category, occurs as the result of infiltration of liquefied vitreous gel into the 

sub-retinal space through a full-thickness retinal defect (Fig. 2.11). 2) Tractional 

retinal detachment results from mechanical retraction of a pathologically altered 

vitreous body on firmly attached vtreo-retinal surfaces. It is an important 

complication of retinal proliferative diseases, such as diabetic retinopathy. A 

combination of tractional and rhegmatogenous retinal detachment may occur after the 

initial tractional component result in tearing of the retina. 3) Exudative (or serous) 

retinal detachment occurs in the absence of retinal break or vitreoretinal traction. It 

happens when the equilibrium between subretinal fluid production and fluid 

absorption is disrupted either by a diseased RPE or by excessive fluid production. 

Neoplastic diseases or inflammatory processes are the most important aetiologies of 

exudative retinal detachments (fig. 2.12). 
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 Figure 2.11. Rhegmatogenous retinal detachment. (A) Intraoperative view of a typical RRD. (B) 

Optical coherence tomography (OCT) of a RRD case whose sub-retinal fluid reaches the fovea. In 

these cases, the affected individuals present important decrease in central visual acuity in the involved 

eye.  
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Figure 2.12.  Exudative retinal detachment. In this type of detachment no retinal break is present and 

the choroidal tumor (arrowhead) is responsible for the underlying RPE pump disturbance and fluid 

accumulation under the retina (arrows).   

 
Figure 2.13. Tractional retinal detachment  
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2.5.1. Rhegmatogenous retinal detachment – pathophysiological aspects 

Rhegmatogenous retinal detachment (RRD) is the most prevalent category of retinal 

detachment and is a potentially blinding ophthalmic condition, especially if the 

macula is involved. The sine qua non conditions for developing RRD include 1) 

Presence of liquefied vitreous gel (often associated with posterior vitreous detachment 

– PVD); 2) vitreo-retinal traction leading to the formation of a 3) full-thickness retinal 

defect (retinal break).   

 

Vitreous liquefaction (syneresis) is the first predisposing component for RRD. Human 

vitreous undergoes an age-related fluidification process that starts in its central zone 

with the development of pockets of liquefied vitreous or “lacunae”. Electron 

microscopy data suggest a decrease in the amount of collagen associated with an 

enzymatic degradation of collagen fibrils by matrix metalloproteinases in the 

liquefaction process (Los et al., 2003). Furthermore, a redistribution of collagen fibrils 

occurs due to lateral fusion of those fibrils resulting in clinically visible aggregates in 

some areas whereas fluid lacunae are seen in other areas of the vitreous cavity (Sebag 

and Balazs, 1989). Different mechanisms appear to contribute to the progressive and 

concurrent liquefaction and aggregation of collagen fibrils seen in the aging eye. For 

example, Bishop et al. (2004) reported that type IX collagen, by its chondroitin 

sulphate chains, seems to have the role of shielding type II collagen from exposure of 

its fibril surface thus preventing type II collagen fibril fusion and the associated 

liquefaction. Furthermore, they observed an age-related reduction in type IX collagen 

with ensuing facilitation of collagen type II fibrils exposure and fusion (Bishop et al., 

2004). Additionally, photo-induced vitreous liquefaction seems to be mediated by free 

radicals that cause insolubilization of the vitreous gel and degradate the most 

important glycosaminoglycan component of the vitreous: hyaluronan (Akiba et al., 

1994; Bishop, 2000). Nevertheless, other factors that precipitate vitreous fluidification 

include intra-ocular surgery (e,g. cataract surgery), inflammation, high myopia and 

ocular trauma (Sebag and Balazs, 1985).  

 

An important phenomenon associated with vitreous liquefaction is the posterior 

vitreous detachment (PVD), which is a common age-related event. PVD results from 

the weakening of the adhesion between vitreous cortex and the inner limiting 
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membrane (ILM).  A separation between vitreous cortex (hyaloid) and ILM occurs as 

the liquefied component of the vitreous gel passes through the vitreous cortex 

(posterior hyaloid) into the retrohyaloidal space dissecting the vitreous body from the 

retinal surface (ILM). The progression of the PVD tends to occur centrifugally, from 

perifovea/optic disc to the extreme peripheral retina where the strong attachments to 

vitreous base prevent further extension. PVD is observed in 63% of patients older 

than 70 years (Steinberg, 1986). Therefore, a requisite for the development of retinal 

breaks subsequent to PVD is the presence of points or localized areas of vitreo-retinal 

adhesion. In the presence of a PVD, the rotational movements of the eye exert 

localized traction where the denser vitreous cortex (posterior hyaloids) remains 

attached to the retina. The so-called “anomalous PVD” occurs when the extent of 

liquefaction exceeds the degree of weakening vitreo-retinal attachment leading to 

focal points of traction and the potential to create retinal tears. The vitreo-retinal 

traction is clinically interpreted as “flashes of light”or photopsias by a symptomatic 

patient. The rate of retinal break formation after a symptomatic PVD is 21.7% as 

documented by a recent metaanalysis (Coffee et al., 2007). Therefore, a retinal 

detachment occurs when the hydraulic infiltration of the vitreous fluid through the 

retinal break (held open by the vitreo-retinal traction) overwhelms the normal forces 

that maintain the neurosensory retina attached to RPE. These forces include the RPE 

Na+-K+ ATPase metabolic pump, choroid osmotic pressure and the minor forces of 

the interphotoreceptor matrix (Ryan, 2006).  

 

The location of the retinal break usually corresponds to the site of the residual vitreo-

retinal traction. The pre-equatorial retina is the most common location for retinal 

breaks (Fig. 2.14). The posterior edge of the vitreous base is the typical location of 

retinal breaks associated with aphakia (removed crystalline lens) or pseudophakia 

(inserted artificial intra-ocular lens) as this area is comparatively thin and less 

developed (Ryan, 2006). Retinal detachments originating from the posterior pole are 

rare (Fig. 2.15), essentially because the retina is thick and reinforced by the local 

blood vasculature. Macular hole-related retinal detachments are uncommon and they 

are typically associated with high-myopic morphological changes to the posterior 

segment such as posterior staphyloma and epiretinal membranes exerting tangential 

traction to the retinal hole (Ikuno et al., 2003; Ishida et al., 2000).  
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Figure 2.14. Retinal break and operculum. Typical rhegmatogenous retinal detachment with peripheral 

retinal break and associated retinal operculum.  

 

 
Figure 2.15. Macular hole-associated retinal detachment. 

 

Any intraocular manipulation may interfere mechanically or metabolically with the 

vitreous-retinal interface, especially when disruption occurs to the blood-aqueous 

barrier or to crystalline lens/ anterior hyaloid of the vitreous. In this context, cataract 

surgery represents a major predisposing factor for vitreous liquefaction and potential 

retinal traction. Although the overall risk for RRD after cataract surgey is considered 
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to be small, the risk in patients younger than 50 years seems to be considerably higher  

(Russell et al., 2006). The significant surgical refinement from the initial intracapsular 

cataract extraction to the phacoemulsification technique reduced the incidence of 

retinal detachment associated with cataract surgery over the years. The preserved 

compartmentalization of anterior and posterior chambers of the eye obtained with 

phacoemulsification prevent both the forward shift of the vitreous body and the 

shrinkage of the vitreous subsequent to hyaluronic acid loss from the eye as seen in 

the intracapsular technique (Lois and Wong, 2003; Oh et al., 2006). Accordingly, the 

minor disruption of vitreous gel confinement to the retrolenticular space obtained in 

ND:Yag laser posterior capsulotomy has been reported associated with increased 

incidence of subsequent RRD (McPherson et al., 1983; Ober et al., 1986; Winslow 

and Taylor, 1985).  

 

Virtually all intraocular inflammatory conditions may predispose to RRD by causing 

syneresis (vitreous liquefaction), PVD and retinal breaks. Prevalent uveitis aetiologies 

such as toxoplasmosis and pars planitis (Becker et al., 2008; Friedmann and Knox, 

1969; Hagler et al., 1978) present vitreoretinal changes that predispose to vitreo-

retinal traction and retinal breaks. The direct involvement of the primary 

inflammatory process with sectors of the retina as seen in infectious retinitis, such as 

acute retinal necrosis, can result in multiple retinal breaks along the transition 

between degenerated and normal retina and also within the necrotic retina (Ahmadieh 

et al., 2003; Freeman et al., 1987; Kempen et al., 2001; Wolfensberger and Tufail, 

2000).     

 

Blunt ocular trauma can also result in retinal tears, 75% of which are retinal dyalises 

(Ryan, 2006). A retinal tear secondary to contusion occurs due to the transmission of 

external force causing abrupt and rapid distortion of the globe. Therefore, a different 

pathophysiology for retinal detachment is observed in this form of trauma. As the eye 

shortens antero-posteriorly and elongates equatorially the break occurs at the anterior 

edge of the ora serrata. Different from the retinal tears secondary to PVD, the vitreous 

remains attached to the posterior edge of the retinal dyalisis (Kuhn and Pieramici, 

2002). Therefore, the common absence of vitreous liquefaction makes the detachment 

progression much slower than the idiopathic RRD.   
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2.5.2. Rhegmatogenous retinal detachment – epidemiological aspects 

 
Age 

The largest incidence rate of RRD is observed in the elderly, although many studies 

support a bimodal distribution with a secondary peak occurring in younger patients 

(20-30 years), due to high myopic representatives (Haimann et al., 1982; Li, 2003; 

Polkinghorne and Craig, 2004; Sasaki et al., 1995; Zou et al., 2002). However, the 

highest incidence rate is observed in the 60-69 age-group, with annual rates ranging 

from 19-27 cases per 100,000 inhabitants (Li, 2003; Mowatt et al., 2003; Sasaki et al., 

1995; Zou et al., 2002).  The strongest association was documented between non-

traumatic RRD and advanced age (Mowatt et al., 2003). In rare occasions, RRD is 

found in a newborn and virtually always associated with pathological conditions such 

as Stickler’s syndrome (Stickler et al., 2001). 

 

Sex 

Most epidemiological reports in RRD indicate a preponderance of male groups in the 

general population (Limeira-Soares et al., 2006; Mowatt et al., 2003; Polkinghorne 

and Craig, 2004; Rosman et al., 2001). The incidence for male remains higher when 

data are corrected for ocular trauma and myopia (Brinton et al., 2010; Hirsch and 

Ditmars, 1969; Hirsch, 1953; Schepens and Marden, 1966).  

 

Race 

Several studies reported a lower incidence of RRD in the African descendants 

compared to the Caucasian population (Av-Shalom et al., 1967; Brown and Thomas, 

1965; Weiss and Tasman, 1978). Conversely, the RRD incidence among Jews and 

Asians are reported to be high (Brinton et al., 2010). In the Singaporean Chinese 

population, the RRD incidence is three times higher than the local Indian population 

(11.6 per 100.000 versus 3.9 per 100.000) (Wong et al., 1999).  

 

Bilaterality      

Rates of bilateral RRD range from 3.5% to 5.8% (Haimann et al., 1982; Li, 2003; 

Polkinghorne and Craig, 2004; Sasaki et al., 1995) over 1 year, ascending to 10% 

over a 4-year period (Laatikainen and Tolppanen, 1985a; b; Zou et al., 2002). 

Approximately 15% of all RRD patients ultimately present retinal detachment in the 
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second eye. This incidence goes up to 25% - 30% when only pseudophakic patients 

are considered (Brinton et al., 2010). 

 

Natural history of untreated RRD 

 

An initially limited RRD left without treatment may progress in one of the following 

manners (Brinton et al., 2010): 

1) Most untreated RRD evolve to near complete or complete detachment; 

2) Particularly RRD caused by (small) inferior retinal breaks (Fig. 2.15) or 

dyalises may remain indefinitely as localized or subtotal detachments with 

stable borders and with demarcation lines.   

3) As an uncommon event, a superior break may allow accumulation of the 

subretinal fluid inferiorly far from the break with flattening of the original 

retinal break 

4) Spontaneous retinal reattachment may occur, although very rarely and that can 

be attributed to the i) attachment forces (RPE pumping) overcoming the 

factors promoting extension of the detachment or ii) to the closure  of the 

(small) retinal break by scar tissue or a dense vitreous “plug”.   

 

 
Figure 2.16- Retinal breaks associated with chronic localized macula-on retinal detachment. 
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2.6. Anatomical and Neurochemical remodelling in retinal 

detachment 
 
Retinal detachment is defined as the separation of the neurosensory retina from the 

underlying RPE. This separation results, at a cellular level, in the withdrawal of the 

photoreceptors outer segments from the ensheathing microvillous processes of the 

RPE layer. This produces the most visible anatomical change after retinal detachment: 

outer segment  degeneration (Anderson et al., 1983). However, It also has been 

known since the seminal studies on retinal reattachment that the retinal outer segment 

has the ability to re-grow (Kroll and Machemer, 1969). But if outer segment has the 

ability of apparent recovery why do significant visual deficits often occur after 

successful surgical reattachment? Modern vitreo-retinal surgery offers a success rate 

of over 90% in producing retinal reattachment (Williams and Aaberg, 2006). 

However, if the macula is detached, only 20% – 40% of successful reattachments 

achieve visual acuity of 6/15 or better (Burton, 1982; Ross, 2002; Tani et al., 1981) 

and other visual deficits, such as color vision desaturation and metamorphopsia, may 

persist as well. As retinal detachment increases the distance between the 

choriocapillaris and the outer retina, photoreceptors lack sufficient oxygen and 

nutrients supply resulting in death of these cells by apoptosis. Photoreceptor cell death 

may explain some of the post-reattachment visual deficits, however, in the cat retina, 

less than 20% of the photoreceptor population dies within 3 days of detachment 

(Erickson et al., 1983), and these are predominantly rod photoreceptors.  

 

Most clinical macular detachments are commonly treated within that 3 day time 

frame, and since surgical reattachment prevents further photoreceptor cell death, the 

real loss of photoreceptors in a retinal detachment of only 1-2 day’s was expected to 

be minimal (Lewis et al., 2002a). This raises the possibility that other mechanisms are 

involved in the functional deficiencies that are often noted after successful retinal re-

attachment surgery. Recent clinical data shows that the recovery process may be very 

slow, continuing for months or even years (Liem et al., 1994). Indeed, observations 

from animal models of retinal detachment compared with human pathology samples 

of complex retinal redetachments provide evidence that detachment induces many 

changes beyond those in outer segments that may affect visual recovery. Many of 
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these changes involve significant remodelling of retinal architecture by changes in 

both neurons and Müller cells (Fisher and Lewis, 2003). 

 
In recent years, a surgically induced retinal detachment became part of more 

extensive vitreo-retinal interventions, including macular translocation (de JuanJr et 

al., 1998; Eckardt et al., 1999). It is also a surgical step of proposed therapies for 

retinal degeneration involving RPE transplantation, retinal transplantation (Bok et al., 

1993; del Cerro et al., 1997), or the injection of substances into the subretinal space 

(SRS) (CNTO2476, 2011; Lewin et al., 1998). In these cases the retina remains 

detached for periods long enough to initiate the events described here since 

detachment induces responses in important anatomical features and biochemical 

pathways within minutes (Geller et al., 2001). Furthermore, while retinal reattachment 

has the ability to quickly halt many of these events, and in some instances reverse 

them, it also triggers its own set of cellular changes that may have negative impact in 

visual recovery. The so-called retinal remodelling. 

 

2.6.1. Defining retinal remodelling 

 
Retinal remodelling is the expression coined to refer to an array of molecular and 

cellular phenotypical revisions of the neural retina in response to inherited or 

acquired degenerations of the sensory retina  (Marc et al., 2006). This expression was 

firstly used for both inherited retinal degenerations (Fariss et al., 2000; Gargini et al., 

2007; Nagar et al., 2009) and retinal detachment (Fisher and Lewis, 2003). Therefore 

it became apparent that neural, glial and even vascular remodelling represent to a 

certain degree stereotyped retinal responses to different levels of retinal 

deafferentation. These recent observations oppose the previous view of the inner 

retina as a “hard-wired” circuitry. Deafferentation, that is, the significant loss of 

photoreceptors (usually approaching 100% in inherited retinal degenerations) reveals 

a surprising degree of plasticity involving all classes of mature retinal neurons 

(bipolar, horizontal, amacrine and ganglion cells). Without the influence and control 

of the sensory cells, inner retinal neurons display remarkable plastic responses that 

mimic the developmental period. These dynamic processes include: 1) neurite 
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formation, 2) fascicle formation, 3) synaptogenesis, 4) self-signaling and 5) migration 

(Marc et al., 2006).    

  
Considering that most of this remodelling plastic phenomena have been described 

from models of massive photoreceptor cell death - e.g. photic injury and genetic 

mutations, (Marc et al., 2003), RRD provides complementary information to the 

understanding of retinal remodelling because there is not massive photoreceptor cell 

death after detachment in most species. An additional and relevant difference is that 

the first and most obvious change induced by RRD, outer segment degeneration, is 

reversible by retinal reattachment. Furthermore, retinal reattachment, as previously 

stated, promotes its own remodelling stimulus and influence functional recovery.   

 

2.6.2. Models of retinal detachment 

 
Currently, animal models represent the only means to study the cellular responses of 

the retinal detachment and reattachment in a systematic and controlled way. However, 

it is also necessary to study the human tissue in parallel with the investigation of 

animal models. The study of human tissue is usually limited by a lack of precise 

information on the duration of the detachment, by the presence of multiple surgical 

procedures, or by secondary manifestations such as proliferative vitreoretinopathy 

(PVR). In fact virtually all the human RRD pathology samples investigated so far 

derive from PVR-complicated RRD and the obtention of human primary RRD 

samples for morphological and functional assessment should provide additional and 

relevant data. Accordingly, human tissue is the “gold-standard” because even with 

limitations it will help to identify those animal models that do accurately predict 

results in the human eye, and suggest hypotheses to be tested in the experimental 

animal models. Therefore, an important goal of using animal models for this purpose 

is to find the models that best mimic human detachments in terms of anatomical and 

functional responses.  

 

However, the retinae of different species react differently to detachment. (Lewis et al., 

2002a). Despite the use of primates, rabbits, and ground squirrels, many of the most 

informative experimental works in retinal detachment were focused on feline retina 
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(Lewis et al., 2002a). The feline retina, like the human retina is rod-dominated outside 

of the fovea. Also in similarity to the human retina, it has an intraretinal circulation 

that excludes the photoreceptor layer (which is served by the choroidal circulation). 

The cat eye is considerably large, allowing for easy operative access and this 

facilitates the induction of a limited detachment in one specific area or a complete 

retinal detachment. Another advantage is its reflective tapetum that favours retinal 

observation during surgical maneuvers. Retinal detachment in cats (Anderson et al., 

1986) involves the removal of the lens and vitreous followed by slow infusion of fluid 

into the subretinal space through a glass micropipette drawn to a tip diameter of about 

100 µm. This model of detachment does not reproduce accurately a rhegmatogenous 

retinal detachment because the relatively small hole left by the pipette is the only 

retinal ‘break.’ However, the very limited numbers of studies done on human 

complicated retinal detachment (secondary to PVR) seem to validate this as a model 

producing the same cellular responses as rhegmatogenous detachment (Lewis et al., 

2002a). 

 
The rabbit retina has approximately the same rod/cone population as that of the feline 

retina, however a major difference lies in its holoangiotic retinal circulation i.e., there 

are no intraretinal vessels and the inner retina is perfused by vasculature that lies on 

its vitreal surface (Ashton et al., 1972). As a particular feature the rabbit retina tends 

to degenerate very rapidly and almost completely after detachment (Okuma, 1972). 

Because of the available genetic information and easy genetic manipulations, 

developing a precise method for creating controlled detachments in the mouse eye has 

become a priority for some research groups (Nour et al., 2003; Yang et al., 2004) . 

However, there are two major drawbacks: 1) the small size of the eye makes creation 

and control of the detachment difficult, and reattachment procedure even more 

difficult (Ozaki et al., 2000) and more important, 2) the rodent retina does not seem to 

produce a vigorous Müller cell response to detachment as seen in feline and human 

retinae. Likewise, the Müller cells of the cone-dominant ground squirrel show almost 

none of the typical signs of reactive gliosis seen after detachment (Lewis et al., 

2002a). The foveated primate retinae are probably ideal models for human 

detachments (Guérin et al., 1989; Kroll and Machemer, 1969), but there are evident 

cost disadvantages, as well as health considerations and ethical concerns that 

influence the use of these species.  
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Retinal detachment does not lead to a retinal degeneration per se (with the exception 

of a few species such as the rabbit). The cellular ‘degeneration’ that follows 

detachment is restricted to photoreceptors and this normally does not lead to a 

complete destruction of these cells, but rather a process that Mervin et al (1999) 

coined ‘deconstruction’ of all detached photoreceptor cells and the death of some. 

Lewis et al., (2002a) prefer the expression ‘retinopathy,’ to characterize the 

consequences of detachment since it involves a variety of complex but typical cellular 

responses in many different retinal neurons. Furthermore, many of the events 

triggered by detachment can cease and even reverse by reattachment, or by providing 

certain specific biological factors such as the trophic factor known as ‘brain-derived 

neurotrophic factor’ (BDNF), (Lewis et al., 1999a) or an increase in environmental 

oxygen (hyperoxia) (Mervin et al., 1999). 

 

2.6.3. Cell types remodelled by retinal detachment and reattachment   

 

2.6.3.1. Photoreceptor cells  

 
In the cat model induction of a retinal detachment initiates similar structural responses 

in outer and inner segments in both the rods and cones, although the synaptic terminal 

responses are distinct. The term ‘‘deconstruction’’ was employed to translate the 

overall changes in photoreceptors because in RD these sensory cells enter a phase of 

very specific alterations which always results in structural reorganization but only 

sometimes ends in cell death (Fisher et al., 2005). Evidence from feline models and 

human traumatic retinal detachment show that many photoreceptors survive 

detachment for long periods of time (Arroyo et al., 2005b; Chang et al., 1995; Fisher 

et al., 2005); consequently, not all sensory cells proceed to cell death. In fact, 

deconstructive phenomena may manifest as a mechanism to promote the cells’ 

survival under adverse environmental conditions. Dismantling or degeneration of 

outer segments is a common event in all photoreceptor degenerative pathologies 

regardless of their genetic or acquired aetiologies (Marc et al., 2003).  

 In experimental models, most outer segments display structural damage within 12 

hours post-detachment (Fisher and Lewis, 2006). The most typical signs reported in 
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this initial period are distortion or vacuolation of the distal extremity of the outer 

segment. Within the first 72 hours post-RD essentially all photoreceptor outer 

segments exhibit signs of degeneration (Fisher and Lewis, 2006). The progression of 

the outer segment degeneration will result in either empty sacs of membrane 

connected to the cilium or in extremely truncated but still recognizable outer segments 

even several weeks after RD (Lewis et al., 1991). Concurrently, debris from the outer 

segments appear in the subretinal space due to the lack of their immediate 

phagocytosis by the RPE (Fisher and Lewis, 2006). However, despite the rudimentary 

status of the dismantled outer segments, autoradiographic studies reveal that newly 

synthesized proteins are still transported and incorporated by them (Lewis et al., 

1991).  Furthermore, immunohistochemical studies have shown that these discs 

contain outer segment specific proteins such as opsin and peripherin/rds, which are 

important structural components (Rex et al., 2002). These studies suggest that even 

after long periods of detachment, disc membrane formation and opsin biosynthesis are 

still present. In addition, as the outer segment degeneration proceeds, a new pattern of 

opsins (rhodopsin and cone opsins) distribution occurs. Opsins which are normally 

confined to the outer segment start to ectopically accumulate in the entire rod 

photoreceptor cell plasma. Cones initially exhibit an identical response, but within a 

few days of retinal detachment most of them cease expressing their opsins (Linberg et 

al., 2001; Rex et al., 2002). Retinal reattachment induces outer segments regeneration. 

Concurrently, cone opsin expression returns and rod opsin is once again confined to 

the outer segments (Lewis et al., 2003; Sakai et al., 2003). 

 

Immunohistochemical and ultrastructural studies have revealed that after RD, 

photoreceptor inner segments show a reduction in the number of mitochondria in the 

cells along with a significantly less clear compartmentalization of the other organelles 

and an overall decrease in the inner segment size (Anderson et al., 1983; Erickson et 

al., 1983; Mervin et al., 1999). An important finding was that the connecting cilium is 

preserved even in RDs of long duration. The relevance of this observation lies in the 

fact that the cilium is vital in the generation of the outer segment (Fisher and Lewis, 

2006).   

 
Immunolabelling of synaptic proteins such as synaptophysin can be used to visualize 

the morphology of photoreceptors synaptic terminals. In detachment, cones and rods 
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show another different pattern of response. Within the first days of detachment, the 

synaptic terminals of many rods start retracting from the outer plexiform layer (OPL) 

where they make contact with bipolar and horizontal cells. As consequence, rod 

terminals become located  in close proximity with their nucleus (Erickson et al., 1983; 

Lewis et al., 1998) mimicking much of what is seen during the retinal development. 

Conversely, cone terminals do not retract. They modify their morphology by 

presenting more shallow invaginations or by losing them completely (Lewis and 

Fisher, 2003). Another striking evidence of cellular plasticity is seen in rods 

subsequently to retinal reattachment. In some focal areas across the reattached retina, 

rod axons can be seen extending well beyond their normal target in the OPL going 

deep into the INL (Lewis and Fisher, 2003). This is another suggestive phenomenon 

of a “developmental recapitulation” since the overgrowth of some rod axons resemble 

those seen deep in the inner retina of the normal developing ferret retina (Johnson et 

al., 1999). For either cases (retraction or extension of rod axons) there is no evidence 

of formation of synaptic connections. Furthermore, there is no evidence of cone axon 

growth and this is possibly associated to the fact that that these terminals do not 

retract after detachment.    

 

The initiating factor of rod axon re-growth is unknown, but may be associated to the 

physical interaction of photoreceptors with the RPE apical surface as this is not 

observed in the detached retina. As previously cited, the outer segments and their 

interface with the RPE in the reattached retina are indistinguishable from a 

correspondent area in the normal retina. Nevertheless, in the focal areas where rod 

and cone outer segment regeneration is incomplete, the RPE apical processes are 

either missing or short. This indicates that a normal interaction between RPE and 

outer segments was not re-established (Lewis et al., 2003). Accordingly, in this area 

there is maintained redistribution of rod opsin in the cell bodies and axons to permit 

visualization of the abnormal rod axon projections beyond their normal target. In 

other words, the rod extensions are only immunodetectable because of the abnormally 

elevated opsin levels. Therefore, the possibility of existing axonal extensions in other 

areas cannot be ruled out.  Aberrant rod axons have also been reported in human 

retinal degenerations including retinitis pigmentosa and age-related macular 

degeneration (Li et al., 1995; Fariss et al., 2000; Gupta et al., 2003) and also in human 
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retinal detachment complicated by PVR (retinal detachments occurring in previously 

reattached retinas). 

 

Evidence points to apoptosis as the primary mechanism of cell death after RD 

(Arroyo et al., 2005b; Chang et al., 1995; Cook et al., 1995; El Ghrably et al., 2004; 

Hisatomi et al., 2002), although necrosis also seems to occur, especially among 

photoreceptors dislocated to the subretinal space (Nork et al., 1995; Ryan, 2006). 

Based on animal models and human studies, the first 3 days post-RD coincide with a 

significant peak of apoptosis (Arroyo et al., 2005b; Cook et al., 1995; Hisatomi et al., 

2002), when approximately 20% of the photoreceptors die by apoptosis (Cook et al., 

1995; Lewis et al., 2002a). However, even for RDs as long as 450 days a preservation 

of at least 50% of the photoreceptor population can be seen (Erickson et al., 1983), 

what certainly relates to potential visual improvement post-reattachment procedure.  

 

2.6.3.2. Rod bipolar cells  

Rod bipolar cells in the feline and human retinae have apical dendrites that contact the 

rod spherules. Each rod spherule is typically presynaptic to two different rod bipolar 

cells, and each rod bipolar cell interacts with approximately 18 rod spherules (Freed et 

al., 1987). The general relationship between rod bipolar cells and rod spherules have 

been well documented by confocal imaging after immunohistochemical procedures  

(Wässle et al., 1991) to immunolabel individual structures or cells (e.g. anti-

synaptophysin labels synaptic terminals, anti-PKC marks rod bipolar cells). Rod 

bipolar cells have multiple branched apical dendrites that terminate in the 

invaginations of the spherules and do not extend into the ONL. In RD as the rod axon 

terminals retract towards the cell soma, there is a simultaneous emergence of fine, 

tapered dendritic processes that extend from the rod bipolar cells into the ONL, 

usually ending in proximity to withdrawn rod synaptic terminals.It is not known 

whether the rod abnormal processes are physically connected to the rod terminals as 

the retina remodels or if they become disconnected first and then try to re-connect 

with the terminal later on. Data from culture systems (Lamoureux et al., 2002) 

suggest that neurite outgrowth can be induced by application of mechanical tension to 

the cell. This suggests that if rod synaptic terminals keep connected to rod bipolar 

cells, retraction per se may exert enough mechanical tension on bipolar neurons to 
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stimulate neurite growth. Such remodelled dendritic branches are readily visible 

within 3 days of detachment and they persist as long as the retina is detached. The 

growth of these dendrites seems target-oriented, i.e., they grow towards the retracted 

terminals, their presynaptic contact in the normal retina. This apparent specificity 

contrasts with the remodelling responses from another second-order neuron type: 

horizontal cells.  

2.6.3.3. Horizontal cells  

 
Using antibodies to immunolabel horizontal cells in the cat retina Lewis and co-

workers (1998) observed prominent beaded processes extending from the OPL into 

the ONL. These same outgrowths label with the antibody to neurofilament proteins 

(70 and 200 kDa). Indeed, there is a large increase in the intensity of horizontal cell 

labelling with these anti-neurofilament antibodies after detachment, probably 

indicating an increased complexity of the neurofilament cytoskeleton in these cells 

(Linberg et al., 2006). Once the horizontal cell neurite outgrowth initiates post-

detachment some processes grow anarchically in the retina and even into the 

subretinal space. There has been immunocytochemical evidence pointing to a clear 

interaction between Müller cells and these abnormal horizontal cell processes (Lewis 

et al., 1998; Linberg et al., 2006). Whether these dramatic outgrowths serve some 

survival or functional purpose or are simply a non-specific response is still unknown. 

Apparently, these processes use Müller cells’ hypertrophic trunks as scaffold or 

substrate for growth as they sprout throughout retinal layers and into the subretinal 

space. The molecular signals that stimulate horizontal cell processes are still 

unknown, but the bipolar cells seem not to use the same path in their trajectory of 

remodelling. This pattern of remodelling in which neuronal processes seem to extend 

adjacent to highly reactive Müller cells has also been documented in other forms of 

retinal degeneration (Marc et al., 2003) pointing that this remodelling pattern is not 

exclusive to retinal detachment.  Identifying the genesis of the horizontal cell 

outgrowths may help to recognize the mechanisms that trigger neuronal remodelling. 

The horizontal cells may be responding 1) to deconstruction of photoreceptors, 

photoreceptor cell death, 2) to modified release of transmitters (or other factors) from 

photoreceptor synaptic terminals, or 3) even to highly reactive Müller cells or 
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microglia. Understanding more precisely the initiating factors of the outgrowths may 

help narrow the search for what stimulates them.    

2.6.3.4. Ganglion cells  

 
The inaugural evidence of remodelling in ganglion cells was the upregulation of 

GAP-43 (growth associated protein 43) in a subpopulation of these cells (Coblentz., 

2003). Quantitative PCR revealed an elevation in GAP 43 message levels to 

approximately twice control levels at 6 h after RD. Moreover, immunohistochemical 

data showed a population of ganglion cell bodies that are strongly labelled in the 7-

day post-detachment animals (Coblentz et al., 2003). Despite the more distant 

location from the detachment site, this population of ganglion cells responds with 

vigorous remodelling to RD. Accordingly, it is important to remember that ganglion 

cells are located among Müller cells endfeet, and these glal elements are in intimate 

contact with the site of the damage (distal retina and subretinal space) via their apical 

microvilli. As Müller cells react very rapidly to RD (Geller et al., 2001), with many 

changes in gene expression, this could possibly influence ganglion cells response. 

Moreover, ganglion cell remodelling could also be related to the trans-neuronal 

changes originated from rod and cone synaptic disruptions.  

 

In the cat retina, the GAP 43-immunopositive ganglion cells also display an important 

change in labelling pattern whose localization coincides with anti-neurofilament 

protein antibodies (70 and 200kDa) used to show changes in horizontal cells 

(Coblentz et al., 2003; Fisher et al., 2005). Nevertheless, the identification of these 

GAP-43 immunoreactive ganglion cells in RD is a difficult task. During development, 

GAP-43 is highly expressed in the retina as new neuronal processes are being formed. 

However, with maturation this protein becomes almost completely undetectable from 

the cell, with the labelling confined to 2 bands of the IPL (Lewis and Fisher, 2006) . 

In parallel to RD duration, there is a dramatic increase in GAP 43/neurofilament-

immunopositive neurites.  Therefore, the picture that emerges from these remodelled 

ganglion cells is relatively comparable to that of the remodelled horizontal cell axon 

terminals, inasmuch as both create a large number of ‘‘undirected’’ projections that 

can extend for long distances through the retina and into the subretinal space 

(Coblentz et al., 2003; Fisher et al., 2005). 
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2.6.3.5. Müller cells   

Glial cell reactivity to retinal detachment occurs immediately after its experimental 

creation and persists during days post-detachment (Geller et al., 2001; Uhlmann et al., 

2003). Increased protein phosphorylation and production of transcription factors are 

observed within minutes after RD (Geller et al., 2001). Furthermore, metabolic 

changes have also been documented acutely in experimental RD, such as elevated 

content of glutamine in Müller cells associated with depletion of glutamate from 

neuronal cell bodies (Sherry and Townes-Anderson, 2000). Also as an acute event 

(within the first 24 hours of RD) Müller cells begin to proliferate manifesting 

increased expression of intermediate filaments GFAP (glial fibrillary acidic protein), 

tubulin and vimentin (Fisher et al., 1991; Lewis et al., 1989; Lewis et al., 1994; Lewis 

et al., 1995). The correlation between the structural hypertrophy of RD-activated 

Müller cells and these cytoskeletal proteins is comparable to that observed between 

astrocytes from the brain and spinal cord reacting to injury (Eng and DeArmond, 

1981; Kerns and Hinsman, 1973). Accordingly, astrocytic scar formation secondary to 

brain injury is impaired in vim-/GFAP- mice, but not in mice lacking only one of these 

two cytoskeletal protein genes (Pekny et al., 1999). The dramatic response of Müller 

cells to RD is highlighted by its normal expression to be almost exclusively limited to 

these glial cells endfeet in most species (Dahl, 1979; Eisenfeld et al., 1984).  Müller 

cells hypertrophy becomes obvious as GFAP-immunoreactivity is seen throughout the 

retina. Aberrant Müller cells processes fill in space left by dying photoreceptors and 

extend through the OLM towards the subretinal space resulting in the subretinal 

fibrosis and glial scar (Fisher et al., 1991; Fisher and Lewis, 2003; Lewis et al., 1994; 

Marc et al., 1998a). This gliotic response from Müller cells post-RD peaks within 3-4 

days of detachment and persists at a slower rate for subsequent weeks and months 

(Fisher et al., 1991; Geller et al., 2001). In a more advanced stage, Müller cells 

migrate onto the retinal detachment surface where it proliferates (Erickson et al., 

1990). After migration to the outer retina, Müller cell nuclei undergo mitosis and 

eventually reside in subretinal gliotic scars. This suggests a potential connection 

between early division of Müller cells and the gliotic reaction in the subretinal space 

(Lewis et al., 2010). In RD, Müller cells, along with microglial cells and macrophages 

phagocytose cellular debris, such as RPE derived melanin granules(Francke et al., 

2001b). In fact, RD is associated with an early combination of three phenomena: 
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inflammation, immune responses and coagulation/fibrinolysis (Reichenbach and 

Bringmann, 2010). Apparently, the initiator event is the deconstruction of 

photoreceptors - based on their strong immunogenic profile (Adamus et al., 1994) and 

involving the participation of retinal parenchyma-derived microglial cells, circulation-

derived macrophages present in the subretinal space and also leukostasis in the blood 

vasculature (Hollborn et al., 2008). Very early (within 1 day after RD creation), 

Müller cells upregulate the expression of immune- and inflammatory response-

associated genes, including TNF- α, IL-1 ß and MCP-1 and also antioxidants: 

metallothioneins and lysozime (Hollborn et al., 2008; Nakazawa et al., 2006) which 

may contribute for Müller cell activation. 

 

Hypoxia seems to be an important causative factor for Müller cell gliotic reaction in 

RD because oxygen supplementation can reduce proliferation and hypertrophy in 

these cells (Lewis et al., 1999b). Retinal models of hypoxia-ischemia reveal 

proliferation and other signs of Müller cell reactive gliosis (Pannicke et al., 2004; 

Stefansson et al., 1988). Furthermore, hypoxia is linked to oxidative stress that is co-

responsible for activating stress response genes and upregulating antioxidant proteins 

in RD (Zacks et al., 2006). Another inducing factor for hypertrophy and proliferation 

of Müller cells in RD seems to be the release of photoreceptor-derived factors such as 

basic fibroblast growth factor and endothelin-2 (Lewis et al., 1992; Lewis and Fisher, 

2000; Rattner and Nathans, 2005) or other forms of Müller cell-cone interactions.  

Some essential neuronal-glia interactive processes are compromised in RD. The 

documented Müller cell reduction of glutamine synthetase (GS) activity (Erickson et 

al., 1987; Lewis et al., 1999b). may justify the accumulation of glutamate in these 

glial cells (Marc et al., 1998a). Consequently, the retinal degeneration following RD  

seems to be at least partially attributable to the impaired glutamate recycling process 

by Müller cells (Marc et al., 1998a; Sherry and Townes-Anderson, 2000). Additional 

factors that might contribute to the retinal degeneration post-RD include the 

downregulation of functional K+ channels (Kir channels), carbonic anhydrase and 

cellular retinaldehyde binding protein (CRALBP) that combined with membrane 

depolarization and impaired glutamate recycling disrupt the glio-neural interaction, 

retinal acid-base, ionic and osmotic homeostasis, promoting the development of 
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oedema, neuronal hyperexcitability and glutamate neurotoxicity (Bringmann et al., 

2006; Francke et al., 2005; Francke et al., 2001b; Lewis et al., 1994). The impairment 

of normal supportive functions from gliotic Müller cells in RD have been also found 

in a variable perimeter of attached retina surrounding the retinal detachment zone 

(Francke et al., 2001a; Iandiev et al., 2006; Uhlmann et al., 2003). Therefore, 

disturbance of important functions in reactive Müller cells, such as lack of satisfactory 

K+ buffering, may help to explain clinical observation in humans with RD who 

present functional and anatomical defects exemplified by cases of visual field defects 

corresponding to areas not affected by RD (Sasoh et al., 1997). However, previous 

reports of depressed macular function in cases of “purely” peripheral RD (Chisholm 

et al., 1975) dated from before the advent of OCT (optical coherence tomography) can 

be explained by sub-clinical extensions of subretinal fluid to the foveal area. 

Nevertheless, important anatomical events point reactive gliosis post-RD to be a 

clinically important restricting factor in the visual recovery post retinal reattachment. 

Therefore it has been suggested that attempts to diminish Müller cell reactive gliosis 

may reduce retinal degeneration and favours functional recovery after surgical 

reattachment (Anderson et al., 1986; Fisher and Lewis, 2003; Francke et al., 2005).  

Table 2.1 Anatomo-Functional repercussion of gliotic reaction from Müller cells 

Post-RD Müller cell (MC) 
gliosis-related event  

Structural  implications References 

MC process intra-retinal 

hypertrophy and proliferation 

- Fill the spaces left by apoptotic 

photoreceptors, disrupted synapses 

and degenerated axons and inner 

segments  

(Bringmann et al., 2006; Fisher and 

Lewis, 2003; Pastor, 1998) 

Subretinal fibrosis - Prevents re-contact with RPE and 

regeneration of outer segments 

reducing recovery of viable 

photoreceptors 

(Anderson et al., 1986) 

(Sethi et al., 2005) 

Outgrowth of MC process towards 

vitreoretinal interface and lateral 

extension in plexiform layers post-

reattachment 

- Epiretinal membranes formation 

(ERM) with visual repercussion and 

risk of redetachment 

- Inhibits re-establishment of 

disconnected synaptic contacts 

(Erickson et al., 1983) 
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2.7. Creatine Transporter in the Retina 
 
As the most metabolically active tissue of the body, the retina has elevated and 

fluctuating energy requirements (Young, 1978). Photoreceptors are major sites for 

that high energy consumption which is compartmentalized and light-dependent. In 

scotopic conditions, Na+/K+/ATPase pumping in photoreceptors requires 

approximately 20 times more energy than glutamate neurotransmission (Okawa et al., 

2008). Consequently, all metabolic energy generated by mitochondria could be used 

by Na+/K+/ATPase pumps. However, the additional mitochondria located at the 

terminals of vascularized retinas (as human retina) solve this problem (Johnson Jr et 

al., 2007; Stone et al., 2008). In parallel, O2 consumption is also far greater in 

darkness than in light (Wangsa-Wirawan and Linsenmeier, 2003). Under illumination 

conditions there is high consumption of energy at the level of photoreceptor outer 

segments due to light adaptation and phototransduction processes.  

 

Metabolic energy transfer requires either ATP or creatine/phosphocreatine. ATP is the 

universal energy “coin” in all cells. However, ATP cannot be simply upregulated in 

cells with high energy demands as photoreceptors without deleterious effects. A 

significant increase of intracellular ATP concentration and its subsequent hydrolysis 

would promote acidification of the cytosol by accumulation of ADP+Pi and 

associated release of H+ (Wallimann et al., 2011). To solve this problem there are 

phosphagens such as creatine/phosphocreatine that do not interfere with cellular 

primary metabolism. Creatine has pleiotropic effects that are essentially based upon 

the functions of creatine kinase enzyme and its high-energy product phosphocreatine. 

The creatine kinase/ phosphocreatine system works as a promptly available temporal 

energy buffer, and as an intracellular energy transport system: the creatine 

kinase/phosphocreatine energy shuttle (Wallimann et al., 2011). The creatine 

kinase/phosphocreatine shuttle links sites of ATP synthesis (glycolysis and oxidative 

phosphorilation at mitochondria) with subcellular points of ATP use. These shuttling 

properties overcome the diffusion restrictions of ATP/ADP in polar cells such as 

retinal photoreceptors.  Therefore the retina contains high levels of creatine. For 

example, in the chicken retina, the total concentration of creatine/phosphocreatine is 

approximately 3 mM and it may reach 15 mM in photoreceptors (Wallimann et al., 

1986). The localization of different creatine kinase isoforms reinforces the concept of 
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the energy shuttle in highly polar cells. In the retinal photoreceptors, hetero-dimer 

brain type creatine kinase (BB-CK) and ubiquitous mitochondrial creatine kinase 

(umtCK) are found in the inner segments, whereas BB-CK is located in the outer 

segments of photoreceptors in some species (Hemmer et al., 1993; Wegmann et al., 

1991). This compartmentalized intracellular distribution of the different CK isoforms 

could promote a bi-directional energy flux conducted by the phosphocreatine/creatine 

kinase shuttle. Therefore, there should be energy supply from centrally located 

mitochondria to both synaptic terminals and outer segments (Wallimann et al., 1986).  

 

 Creatine is primarily obtained either from food by intestinal absorption or 

endogenously produced by the liver, kidney or pancreas (Wyss and Schulze, 2002). 

Creatine-demanding tissues take up creatine from blood by a highly specific 

transporter and against a large concentration gradient. Plasma creatine concentration 

corresponds to 50 µmol/L; whereas intracellular creatine (+ phosphocreatine) is 

superior to 40 mmol/L (Snow and Murphy, 2001). Molecular cloning studies 

demonstrated creatine transporter (CRT) to be a member of the solute carrier family 6, 

a large group of membrane transporters that mediate the translocation of a variety of 

solutes across plasma membranes, via the co-transport of Na+ and Cl- against their 

electrochemical gradients (Chen et al., 2004; Christie, 2007). The creatine transporter 

(CRT, SLC6A8) spans the plasma membrane and is highly specific for creatine. 

Neither phosphocreatine nor creatinine are substrates (Christie, 2007). CRT has been 

shown as responsible for the absorption of creatine by intestinal epithelia (Peral et al., 

2002) and also for the creatine transport across the blood-brain barrier (Nakashima et 

al., 2004; Ohtsuki et al., 2002) . CRT deficiency has been recently identified as an X-

linked inborn metabolic error which is caused by mutations in the CRT gene SLC6A8 

(Salomons et al 2001). Although variation occurs in the clinical spectrum, the 

fundamental clinical features include mental retardation, autistic behavior, epilepsy 

and language disorders (Bizzi et al., 2002; Rosenberg et al., 2004). This clinical entity 

confirms that creatine plays a pivotal role in the central nervous system energy 

homeostasis. As an energy buffer, creatine has been shown as an efficient 

neuroprotective substance in animal models of neurodegeneration and brain injury 

(Béard and Braissant, 2010; Brustovetsky et al., 2001; Klein and Ferrante, 2008; 

Klivenyi et al., 1999; Malcon et al., 2000; Prass et al., 2006). Furthermore, creatine 

supplementation is currently under trial in human patients presenting neurological 
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disorders known to such as Parkinson’s and Alzheimer’s diseases which have known 

energetic deficits (Bender et al., 2005; Bender et al., 2006; Dedeoglu et al., 2003; 

Ferrante et al., 2000; Hersch et al., 2006; Matthews et al., 1998). Apart from its role in 

energy metabolism, creatine is thought to have other functional properties in the 

central nervous system, including an antiapoptotic effect (Dolder et al., 2003). 

Furthermore, creatine has been shown to possess an antioxidant effect through a 

mechanism that involves the scavenging of free radicals (Sestili et al., 2006).  

 

Creatine demanded by the retina must be obtained by transport across the blood-

retinal barriers (BRBs). These barriers regulate molecular and fluid movements 

between the ocular vasculature and retinal tissues, thus preventing macromolecular 

leakage into the retinal parenchyma. BRBs form complex tight junctions (zonulae 

occludentes) of retinal capillary endothelial cells (in the case of inner blood retinal 

barrier, iBRB) and RPE cells (in the case of outer blood retinal barrier, oBRB). The 

holangiotic human retina has its internal two thirds nourished via the iBRB, whereas 

the outer third receives nutrients by the choriocapillaris through the oBRB. CRT is 

found in both luminal and abluminal membranes of rat retinal capillary endothelial 

cells, where it provides creatine transport across the iBRB (Nakashima et al., 2004). 

The creatine transporter has been localized to photoreceptors and a variety of neurons 

in the retina of certain species (Acosta et al., 2005b). However, no 

immunolocalization in the human retina has been reported thus far. Furthermore, little 

is known about distribution or expression of CRT in different types of retinal insult, 

especially the ones involving obvious metabolic disturbances. 

 

Rhegmatogenous retinal detachment (RRD) deprives the outer retina of nutrients with 

disruptive metabolic consequences for the entire retina. The localization and 

expression of CRT in this hypoxic/hypoglycaemic environment is unknown. As the 

proper function and even the survival of retinal neurons seem to depend on 

mitochondrial energy generation and provision, the immunolocalization of CRT may 

provide additional insight in the retinal metabolic response associated with the 

remodelling events in RRD. 
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2.8. Aims of the study 
 
The pre-equatorial human retina is the site of prevalent vitreo-retinal diseases. The 

region situated between the ora serrata and the fundus equator may host points of 

strong and localized adhesion between retinal and vitreal surfaces. In this scenario, the 

presence of syneresis (vitreous degeneration) predispose to the formation of a retinal 

break and subsequent retinal detachment (Gonin, 1933). This modality of retinal 

detachment, namely rhegmatogenous retinal detachment (RRD - from the greek 

rhegma, means “tear or fissure”) is a common indication for vitreo-retinal surgery and 

a major cause of vision loss. Vitreous fluid accumulates in the subretinal space and 

the detachment progresses in a centripetal direction. A severe and abrupt loss of 

central vision occurs once the fovea is affected. However, not only the mechanical 

isolation of the retina is responsible for the visual deficit.   

 
The separation of the sensory retina from the underlying retinal pigmented epithelium 

(RPE) induces an ischemic insult to the outer retina with disruptive metabolic and 

cellular consequences. The subsequent deconstruction and death of photoreceptors is 

followed by a sequitur of degenerative events involving glia and neuronal populations 

in the detached retina. As consequence of this cellular remodelling, we may infer that 

the retinal milieu has its neurotransmission and modulation altered. However, little is 

known about the repercussion of RRD on the retinal circuitry. The partial visual 

recovery after reattachment surgery suggests a positive plasticity and potential for 

neural rewiring which is triggered by the reconnection of surviving photoreceptors to 

viable RPE microvili and re-establishment of choriocapillaris blood supply. However, 

additional remodelling features may occur after reattachment and its underlying 

pathophysiology is largely unknown. Therefore, a better understanding of the 

functional/anatomical remodelling is crucial for developing strategies that may 

optimize functional rescue after timely anatomical reattachment.  

 

The anatomical component of the remodelling post-RRD has been well described in 

the cat retina. However, the study of human primary RRD samples for morphological 

and functional assessment should provide additional and relevant data. Although the 

acquisition of fresh RRD samples is difficult because specimens can only be collected 

in selected cases, the human tissue is the “gold-standard” because even with 
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limitations it will help to identify human specific changes. Furthermore, data derived 

from human RRD will also help to select those animal models that more accurately 

predict results in the human eye, and suggest hypotheses to be tested in the 

experimental animal models.  

 

The working hypothesis is that any retinal insult will lead to anatomical and 

functional remodelling of the retina.  Such detrimental remodelling would explain the 

worse than predicted visual outcome secondary to successful re-attachment surgery 

secondary to RRD.  In order to test this hypothesis, in parallel to the assessment of 

RRD samples, we will analyse the neurochemical remodelling of a retinal sample of 

radiation retinopathy. In summary, we will undertake the following specific aims: 

 

Specific Aim 1: Assess functional remodelling 

(a) Compare a functional profile map of ionotropic glutamate receptors in normal 

human mid-peripheral retina with that of retinal samples from RRD using an 

organic cation (agmatine: AGB) to probe functional glutamate receptors. 

(b) Compare the metabolic profile using creatine transporter labelling in mid-

peripheral retina with that of retinal samples from RRD. 

(c) Compare the distribution pattern of the amino acid neurotransmitters in 

normal retina and a sample of retina with radiation retinopathy. 

 

Specific Aim 2: Assess anatomical remodelling 

Compare anatomical profiles of neurons and glia in normal human mid-peripheral 

retina with that of retinal samples from RRD using a range of macromolecular 

markers. 

 

 

.
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3.1. Introduction 
 
This study employs well established immunocytochemical techniques to investigate 

anatomical and functional features in the normal human retina as well as changes 

associated to human samples of primary rhegmatogenous retinal detachment. 

 

3.2. Human retina acquisition  

3.2.1. Control human retinae 

Human retinal samples were collected and informed consent obtained in accordance 

with the tenets of the Declaration of Helsinki and approved by the Institutional Ethics 

Review Committee Board of the University of Auckland and Auckland District 

Health Board. Donor eyes (3) were obtained from enucleation due to uveal melanoma 

(1 individual with iris melanoma and 2 individuals with choroidal melanoma). All 

donor patients presented preoperative good corrected central vision (visual acuity 

equal or better than 20/40) and no ophthalmic symptoms suggestive of any 

paraneoplastic syndrome including Melanoma associated retinopathy. 

Ophthalmoscopy performed prior to enucleation of the eyes revealed that the retina 

outside the tumoral area was clinically normal, with no sign of exudative retinal 

detachment or retinal involvement, including retinal area overlying the tumor (subject 

demographics described in table 3.1.). 

 

Immediately following enucleation, the posterior segment of the eyes unaffected by 

the tumor (from the ciliary body to the retinal area proximal to the tumor in the case 

of choroidal melanoma; and the entire retina in the case of iris melanoma) were 

dissected into small segments and processed for functional studies (see later). We 

selected retinal specimens whose original location corresponded to the sectors 

between posterior pole and mid-periphery, either nasally or temporally, in a contra-

lateral location to the tumour, since most tumours affected the choroid underneath 

macular area. The fundus image of the patients was obtained before enucleation 

(figure 3.1). We considered that the use of freshly excised melanoma-related 

enucleated eyes is a better model for human retina control rather than eyes obtained 

post-mortem. There is morphological degradation associated with post-mortem 
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neurological tissue that includes jagged appearance of stained human cell soma and 

less definition in dendritic pattern (Scher et al., 2003). Human retina obtained from 

enucleated eyes due to choroidal melanoma has been used as a satisfactory model of 

the normal patterning of the retina (Hannibal et al., 2004b; Spitznas and Bornfeld, 

1977; Tornqvist and Ehinger, 1988; Van Haesendonck and Missotten, 1993).  

 
Figure 3.1- Fundi images of the donor patients presenting choroidal melanoma. Lesions are seen 

affecting postero-temporal of the uvea (arrows) and distorting macula. 

  

An additional retina was obtained from a donor who also presented a choroidal 

melanoma. However, the uveal tumour had been treated with several sessions of 

brachytherapy (local radiotherapy procedures) in the previous years and it was 

associated with complications including vitreous haemorrhage. Consequently, we 

excluded this retina as part of the control reference. However, we investigated the 

morphological remodelling associated with brachytherapy from this specimen.       

 
 Table 3.1: Control retinas – Donor demographics 

PATIENT AGE GENDER ETHNICITY PATHOLOGY 

1 87 male Caucasian choroidal 
melanoma 

2 70 female Caucasian choroidal 
melanoma 

3 70 female Caucasian iris melanoma 
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3.2.2. Human rhegmatogenous retinal detachment samples   

Human retinal samples were obtained during vitreo-retinal surgery (vitrectomies) for repair 

of rhegmatogenous retinal detachment. The biopsy samples were collected and informed 

consent obtained from the patients in accordance with the tenets of the Declaration of 

Helsinki and approved by the Institutional Ethics Review Committee Board of the 

University of Auckland and Auckland District Health Board. All donor patients presented to 

surgery with macula-off retinal detachments of variable duration. The portion of the 

detached retina that was resected and collected corresponded to a peripheral minute retinal 

segment (retinal operculum / flap), which is the anterior part of the retinal tear and is 

associated with firm vitreous adhesion, or the anterior irregular margin of a giant retinal tear. 

Such portion can be amputated using the vitreous cutter as the maintenance of this portion of 

the peripheral retina may prevent reattachment or predispose to neovascularization (Arroyo 

et al., 2005a; Arroyo et al., 2005b; Brinton et al., 2010; Kanski and Gregor, 1995; Uram and 

Graef, 2003). However, each retinal specimen was collected after enlargement of one 

sclerotomy site (correspondent to the surgeon’s dominant hand) and accurate endodiathermy 

of the proximal margin of the retinal operculum was made to outline the area of amputation. 

This special approach was completed with the use of a 25-gauge smooth tip forceps to 

gently remove the retinal specimen. The biopsy sample was gripped by its margin and no 

further mechanical contacts were made in other areas during intra-ocular surgical 

maneuvers. These additional surgical steps were performed to ensure the most gentle and 

precise removal of the retinal samples, reducing significantly the risks of unspecific AGB 

labelling due to mechanical damage. In all three cases, the sample corresponded to a mid-

peripheral retinal detachment, located temporally in patient 1 and 2, and nasally in patient 3. 

The retinal detachment samples were of 2 weeks (primary detachment), 1 and 2 months 

duration (secondary detachments) respectively. For purpose of estimation of the retinal 

detachment duration, we used the date when patient first noticed the indicative symptoms 

and signs of retinal detachment, such as photopsias (visualization of flashes of light), acute 

onset of new floaters or peripheral visual field defect. Patients’ clinical and demographic 

data were also documented. Comparable age groups were investigated, and retinal samples 

obtained from enucleated eyes were employed as control reference. Demographics of the 

donor patients are presented in table 3.2. 
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Table 3.2: Macula-OFF Retinal Detachment samples – Patient Demographics  

 

PATIENTS 

 

AGE 

 

GENDER 

 

ETHNICITY 

 

EYE 

 

VISUAL  

ACUITY 

(preoperative)  

 

RD 

ESTIMATED 

DURATION 

 

LOCATION 

OF RD  

 

Retinal 

Sample 1 

 

62 

 

M                         
Caucasian 

 

Right 

 

Light 

Perception  

 

2 weeks  

 

 

Temporal 

Hemisphere + 

Macula 

 

Retinal 

Sample 2 

 

62 

 

M           
Caucasian 

 

Right 

 

Hand Motion 

 

1 month  

 

 

Temporal 

Hemisphere + 

Infero-Nasal and 

Macula 

 

Retinal 

Sample 3 

 

54 

 

M       
Caucasian 

 

Right 

 

Light 

perception 

 

2 months 

 

Total 

Detachment 

 

3.3. In vitro functional activation with agmatine (AGB) as a 

cation probe 
 
Agmatine (AGB), as a guanidinium analogue, permeates a range of non-selective cation 

channels and allows a direct measure of the sensitivity of specific and identifiable neurons to 

a given neurotransmitter (Dwyer et al., 1980; Picco and Menini, 1993; Tasaki et al., 1966; 

Yoshikami, 1981). Agmatine (AGB) allows the assessment of two functional aspects of the 

retina: 1) the endogenous excitation drive through basal glutamate neurotransmitter release 

and 2) the effect of exogenous ligands on glutamate receptor gated channels. An important 

distinction between exogenous activating ligand and endogenous glutamate signalling is the 

stronger efficacy of the glutamate ionotropic receptor agonists amino-3-hydroxyl-5-

methylisoxazole-4-propionic acid (AMPA), kainic acid (KA) and N-methyl-D-aspartate 

(NMDA) compared to endogenous glutamate signalling.  We conducted experiments in the 

human retina aiming to examine the effects of the abovementioned agonists on the 

ionotropic glutamate receptors in normal retina and after rhegmatogenous retinal 

detachment. 

 

Detached retina tissue was collected in saline and processed for agmatine incubation within 
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a maximum time of 30 minutes after surgical removal. The agmatine incubation experiments 

were conducted with the use of a modified brain physiological buffer as previously reported  

(Chua et al., 2009; Marc, 1999a; Sun and Kalloniatis, 2006). The buffer contained 100 mM 

NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 10mM dextrose, 2 mM CaCl2, 1 

mM MgCl2 (pH 7.4). An equimolar concentration of NaCl was deducted when AGB was 

added to the incubation medium. Regarding control retinas, we used mid-peripheral retinal 

areas to allow subsequent comparative assessment with human retinal detachment 

specimens. For these control retinas, each dissected full-thickness eye segment including 

attached sclera, choroid RPE and retina was incubated in the physiological medium 

containing either AGB (25 µM) alone or AGB (25 µM) with one of the three main 

pharmacological agents defining glutamate ionotropic receptors agonists (Chua et al., 2009; 

Marc, 1999a; Sun and Kalloniatis, 2006). These pharmacological agents were added at the 

concentration that achieved near-maximal activation (sub-saturation levels) of ganglion and 

amacrine cells in the adult mouse retina: 30 µM -amino-3-hydroxyl-5-methylisoxazole-4-

propionic acid (AMPA), 50 µM kainic acid (KA), 1 mM N-methyl-D-aspartate (NMDA) 

(Chua et al., 2009; Sun and Kalloniatis, 2006). The incubation medium was bubbled in 

95%O2/5%CO2 for at least 1 hour before addition of the glutamate agonist. The selected 

retinal detachment cases whose specimens were eligible for this study are rare and the 

optimum conditions allowing the experiment make them even scarcer.  In such conditions, 

we had to limit the number of ionotropic glutamate receptor agonists used for incubation. 

Therefore, each segment of detached retina was incubated in the physiological medium 

containing either AGB (25 mM) alone or AGB  (25 mM) with the glutamate ionotropic 

receptors agonist Kainic acid (Kainate or KA) (Marc, 1999a). This pharmacological agent 

was added at the concentration that achieved near-maximal activation (sub-saturation levels) 

of ganglion and amacrine cells in the adult mouse retina: 50 µM kainic acid (KA) (Chua et 

al., 2009; Sun and Kalloniatis, 2006). Retinal incubation in the absence of an exogenous 

ligand is referred to as basal incubation (Kalloniatis et al., 2004; Marc, 1999a; b; Sun and 

Kalloniatis, 2006). The tissues were incubated for 5 minutes in the case of KA agonist use 

and for 30 minutes for basal conditions (Marc et al., 2005) before fixation.  

It is essential that retinal specimens (or eye globe) are collected as fast as possible after 

removal from the subject or subsequent to the subject’s death. Immediately after the tissue 

removal from its in vivo environment, it becomes exposed to deleterious influences to 

antigen preservation such as (additional) hypoxia, and lysosomal enzymes. Brain buffers 
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reduce the impact of such influencing factors. However, adequate fixation is the final step to 

counteract these effects. In a translational clinical study as the present one, several logistical 

and operational factors are detrimentally implicated in the transition between the hospital 

setting to the lab bench, however the notion that the “time between the acquisition of the 

tissue and the fixation process should be kept to a minimum” was respected.     

 

3.4. Fixation and Antibodies 
 

3.4.1. Tissue fixation 

 
Fixation is the preservation and stabilization of cells or tissue as similar as possible to the 

correspondent living form. This process preserves cells and tissues by strengthening 

molecular interactions, disabling endogenous proteolytic enzymes and destroying 

microorganisms that may otherwise promote degradation of the specimen. Therefore, 

fixation process stops any ongoing biochemical reaction by fixing proteins in place. 

Furthermore, fixation should protect the tissue from the following processing and labelling 

protocols. As a cornerstone of all immunochemical preparations an ideal fixation provides  

the balance between good morphology and good antigenicity (Renshaw, 2007). There are 

two different categories of chemical fixatives: dehydrating fixatives and cross-linking. 

Dehydrating fixatives disrupt lipids and decrease the solubility of protein molecules, 

precipitating them out of the extracellular and cytoplasmic solutions. Cross-linking fixatives 

make covalent chemical bonds between proteins in the histological preparation and include 

organic compounds with aldehyde groups, such as formaldehyde, paraformaldehyde and 

glutaraldehyde (Carter and Shieh, 2010). This group represents the most popular method of 

fixation as they maintain proteins in a native or near native configuration. 

 

In this thesis, a combination of glutaraldehyde and paraformaldehyde was used and the exact 

concentration of the fixatives varied in accordance to immunolabelling method used. Firstly, 

glutaraldehyde forms long polymers and is the single most effective cross-linking fixative 

(Burry, 2010). Glutaraldehyde creates Schiff’s base linkages between the ε-amino groups 

and reactive sites such as terminal amino groups (NH2), α-amino groups of amino acid 

peptides and cysteine (Kiernan, 2000). Consequently, it inhibits deeper diffusion of 

antibodies into the tissue (antibody binding on resin sections is a surface phenomenon) and 
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masks the antigen binding site for antibody binding due to the fast formation of clusters of 

aldehyde cross-linked protein molecules. Visualization of amino acids neurotransmitters 

(such as glutamate and GABA) embodies special considerations. These small molecules get 

lost from the tissue if they are not irreversibly cross-linked to tissue macromolecules 

(Ottersen, 1989; Storm-Mathisen et al., 1983). Therefore, immunocytochemical study of 

amino acids and other small molecules containing free amino groups demand fixation with 

glutaraldehyde (Mathiisen et al., 2006). Glutaraldehyde is typically used for electron 

microscopy due to the need for higher quality preservation. Despite its limitation in 

immunohistochemistry, that requires as many preserved amino acid side-chains as possible, 

antibodies have been generated to individual amino acids which are glutaraldehyde-bound to 

protein. These antibodies permit the detection of soluble amino acid neurotransmitters such 

as glutamate, GABA and glycine (Crooks and Kolb, 1992; Hepler et al., 1988). 

Nevertheless, glutaraldehyde may also generate autofluorescence by attracting non-specific 

protein-like substances (Culling et al., 1985), thus reducing the ability to distinguish 

fluorescent labels. 

 

Conversely, paraformaldehyde provides a faster and deeper permeation into the tissue 

compared to glutaraldehyde. This rapid penetration occurs due to its low molecular weight, 

with initial binding to proteins taking place within 24 h (Helander, 1994). Paraformaldehyde 

promotes tissue fixation by creating methylene bridges with amines (terminal NH2  group). 

Methylene bridge formation may take several days to reach an optimal state. Therefore its 

actions are reversible. Additionally, formaldehyde fixation is susceptible to acid hydrolysis 

of the coagulate protein. Consequently, an optimal fixation can be obtained by the 

combination of virtues from glutaraldehyde’s stable cross-linking feature with the ability of 

deep and fast permeation of paraformaldehyde.  

 

Other crucial considerations for optimal fixation regard the length of fixation and 

concentration regardless of the immunocytochemical method employed. For post-

embedding immunocytochemistry, a higher amount of glutaraldehyde is needed for tissue 

fixation as sectioning is performed with ultramicrotome, and also for recognition by the 

primary antibodies which were raised to target amino acid glutaraldehyde complex. 

Regarding fluorescent immunocytochemistry, antigens are much better preserved in frozen 

sections than resin sections. However, the latter provides a better morphological detail and 

resolution than the former section type. The combined use of 4% paraformaldehyde and 
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0.01% glutaraldehyde led to improved immunolabelling for some macromolecular markers 

than paraformaldehyde alone (Sun and Kalloniatis, 2006). Agmatine, a polyamine used in 

this thesis clearly labelled with 0.01% glutaraldehyde, considering that it was produced 

using standard hapten glutaraldehyde coupling methods (Marc, 1999b).       

 

3.4.2. Primary and secondary antibodies 

 
The inaugural use of the word Antikörper (German term for antibody) occurred in a text by 

Paul Ehrlich in the conclusion of his article “Experimental Studies on Immunity” (1891).  

An antibody or immunoglobulin (Ig) is a glycoprotein employed by the immune system to 

recognize and neutralize substance identified as foreign to the body, known as antigens or 

immunogens. Antibodies are elaborated by lymphocytes (B cells) and there is a relation of 

specificity between the antibody and a particular molecule or portion of a molecule. 

Antibodies are classified into different isotypes and classes. In immunocytochemistry, there 

is preference for the IgG isotype because its creation and binding are more consistent. 

 

Antibodies are generated by B cells and a single clone B-cell produces antibodies to only a 

single epitope. Once a B-cell starts generating a single type of antibody, it will divide and 

originate many B-cells, all of them producing that single antibody targeting just one epitope. 

This process is called clonal expansion. Injecting an antigen of interest into an animal will 

lead to the production of large amounts of antibody against that antigen. Thus, blood 

sampling of that animal will provide antibodies that can be purified and isolated from other 

antibodies present in the sample, allowing their use for immunocytochemistry procedures.  

Polyclonal antibodies   

 

An animal injected with a given antigen will produce B-cell clones that can generate 

antibodies to multiple epitopes. The serum obtained from this animal has different 

antibodies to these multiple clones, therefore the name, polyclonal. Although polyclonal 

antibodies are made in different species of large animals, rabbits are the most common 

laboratory animals used for this purpose as they are easy to handle and show a robust 

immune response to a range of antigens. Sheep, goat and donkey are also used when large 

amounts of antibody are required. In this study, all polyclonal primary antibodies used were 

raised in rabbits. An advantage in using polyclonal antibodies is the fact that multiple clones 
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provide elevated levels of labelling for a given antigen because they have many antibodies 

against the different epitopes from the same protein. Therefore, they are more tolerant to 

discrete alterations in the immunogen, such as polymorphism or mils denaturation (Naish et 

al., 1989) However, as disadvantages, common epitopes on different proteins may label 

multiple proteins which are not the immunogen protein. Furthermore, when the same 

antigen is used to immunize a new rabbit the precise epitopes generating antibodies will be 

different and a distinct number of clones will be created.     

 

Monoclonal antibodies 

 

Monoclonal antibodies are derived from a single cell line (referred to as a clone) and they 

contain a single antibody from one clone of B-cells to a single epitope on the immunogen.  

For the generation of monoclonal antibodies, tumor cells (e.g. myeloma cell lines) that can 

replicate indefinitely (referred to as “immortal cells”) are fused with mammalian B-

lymphocytes that produce an antibody. As result of this cell fusion a “hybridoma” is created, 

and with it a source of continuous production of antibodies. Monoclonal antibodies are 

identical simply because they were generated by immune cells which are clones of a single 

parent cell.  Specificity is a major advantage. Single clone monoclonal antibodies bind to a 

unique epitope that is selected for highly specific interaction with the antigen. Furthermore, 

different antibody clones can be created to different epitopes of one antigen. An additional 

advantage is quantity. The same antibody can be continuously produced from cultured 

hybridoma cells. Hence, one identical clone provided by different companies will be the 

same antibody. Nevertheless, lower levels of immunolabelling occur compared with 

polyclonal antibodies because the monoclonal antibody binds with low affinity or binds an 

uncommon epitope on an antigen. Monoclonal antibodies are generated in either a 

supernatant (tissue culture media) or raised from hybridoma cells injected intraperitoneally 

(ascite fluid). Previously, monoclonal antibodies were solely generated from mice due to the 

limitations in producing adequate myeloma cell lines for other species. However, rabbit 

monoclonal antibodies are now available after development of good rabbit myeloma cell 

lines.   

 

For post-embedding immunocytochemistry in this study, polyclonal antibodies raised in 

rabbit were used to target amino acids or AGB (polyamine). This was achieved by coupling 

the amino acids to large carrier molecules. Based on glutaraldehyde’s property of 
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bifunctional coupling reagent, a link between the amino acid and bovine serum albumin is 

created (Matute and Streit, 1986; Storm-Mathisen et al., 1983). Therefore the immunogenic 

complex is composed by conjugation of amino acid and bovine albumin serum via 

glutaraldehyde. Considering that the bifunctional bicoupling agent (glutaraldehyde) is a 

component of the immunoreactive epitope (Geffard et al., 1985), tissue fixation with 

glutaraldehyde is mandatory when employing glutaraldehyde conjugated antibodies (Marc et 

al., 1990). During immunization process, antibodies against the bovine serum albumin or the 

coupling agent will be generated; however these are removed by affinity purification 

processes. All the amino acids primary polyclonal antibodies used in this study (see table 1) 

were either purchased from Chemicon (Temecule, CA) or kindly donated by Dr. Robert 

Marc (University of Utah). The obtention of optimal working dilution was achieved by 

performing a concentration series on each antibody. The specificity of these antibodies has 

been established, exhibiting minimal cross-reactivity (Marc et al., 1990; Marc et al., 1995; 

Marc, 1999a). 

 

3. 5. Post-embedding immunocytochemistry  
 

3.5.1. Concepts 

 
Gold particles are easily detectable by transmission electron microscopy and were first 

introduced to immunocytochemistry for ultrastructural labelling (Faulk and Taylor, 1971), 

however they can be difficult to visualize by bright-field light microscopy. In addition, 

colloidal gold was initially not regarded as a sensitive labelling method. Nevertheless, these 

issues were overcome after development of silver enhancement techniques (Ellis et al., 

1988; Holgate et al., 1983). During post-embedding silver-intensified 

immunocytochemistry, the immunogold particle (1 nm) is conjugated to a secondary 

antibody and functions as a core site for the deposition of metallic silver. Such deposition at 

antigenic sites occurs within a few minutes and the silver layer improves the visibility of the 

immunolabelling by increasing the gold particle diameter to around 10- to 50-fold. It also 

imparts a black color to the stained tissue when observed under light microscopy (Holgate et 

al., 1983). These black metallic deposits do not diffuse from its original location once 

developed on the section, and the labelling provides a high level of contrast and it is visible 

at low magnifications.  The intensification solutions are physical developers which contain 
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both silver ions and a reducing agent buffered to an acid pH (Oliver, 2010). Silver nitrate 

and silver lactate (the latter has a lower disintegration coefficient than the former - 

(Danscher, 1981) are sources of silver ions, whereas hydroquinone (1,4-dihydroxybenzene) 

is the only reducing agent that has been employed in silver-intensification methods (Oliver, 

2010).  

 
Figure 2: Post-embedding silver Immunocytochemistry scheme. The process involves two binding 

complexes: the amino acid antigen binding to the primary antibody and a subsequent binding of the 

secondary antibody conjugated to a 1 nm gold particle. Ionic silver is then reduced by hydroquinone to 

create a silver precipitate coating surround the gold particle.  

 

The silver deposited will autocatalyse further deposition. However, the length of time 

in which the tissue is exposed to the developing solution will control the amount of 

silver deposition. During immunocytochemical procedure care must be taken to 

reduce light exposure as light can promote the conversion of the silver solution into 

metallic grains resulting in unspecific silver deposition. Post-embedding silver 

enhanced immunocytochemistry is performed on tissue embedded in resin, therefore 

imparting high sensitivity and repeatability. The smooth surface of resin sections also 

provide higher optical resolution compared to cryosections. The immunogold-silver 

staining technique presents an increased sensitivity compared with standard 

immunoperoxidase and immunogold staining methods (Holgate et al., 1983). 

Additionally, gold particle labelling represent an “all or none signal”  (Mathiisen et 

al., 2006), thus allowing easier quantification compared with enzyme-based 

immunocytochemistry (Marc et al., 1990).   
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3.5.2. Specimen fixation, processing and sectioning 

For post-embedding silver-enhanced immunocytochemistry after tissue incubation, 

retinae specimens were fixed in a mixture of 2.5% glutaraldehyde and 1% 

paraformaldehyde in phosphate buffer solution (PBS) for 30 minutes followed by 

rinsing in PB (pH 7.4). Process of dehydration ensues as tissue must be embedded in a 

hydrophobic medium (resin), although dehydration can be associated with tissue 

shrinkage and protein extraction. The dehydration step consisted in 2 x 5 minute 

washes in 0.1 M phosphate buffer (pH 7.4) and 5 minute immersions in a graded 

series of methanol solutions (e.g. 70%, 80%, 90% methanol: distilled water) at 4oC 

and 2 x 5 minute immersions in 100% methanol at room temperature. Subsequently, 

the tissues were placed in absolute acetone for 2 x 5 minutes at room temperature. 

Following this, the retinal specimens were placed in a 3:1 resin: acetone mixture and 

put in a rotator overnight. The next day, the retinal samples were submerged in 100% 

EPON resin for 1 hour followed by the transference to another fresh 100% resin-filled 

container for an additional period of 4 hours. Immediately following this step, both 

control full-thickness eye squares and individual retinal detachment samples were 

placed in 100% epoxy resin (EPON) embedding moulds. EPON is composed of 66% 

Eponate 812 (ProSciTech, Queensland, Australia), 33% Dodecenyl Succinic 

Anhydride (DDSA hardener, ProSciTech), and 0.02% 2,4,6-Tris 

(dimethylaminomethyl) phenol (DMP-30) accelerator (ProSciTech). Simultaneous 

processing of multiple retinal samples can be performed with this procedure. Retinal 

samples in the 100% resin-filled mould were placed in an oven at 600 C for at least 24 

hours for resin polymerisation. The polymerized resin blocks were serially sectioned 

(500 nm) using glass knives (Reichert Knifemaker, Leica, Germany) on a Reichert-

Jung Ultracut S ultramicrotome and placed onto droplets of water on 12 well Teflon 

coated slides (Cel-line, Newfield, NJ) and then heat dried prior to post-embedding 

siler-intensified immunocytochemistry. To qualify the morphology of the tissue as 

suitable for data collection samples were randomly chosen after a few sections and 

counterstained with toluidine blue.       

  



Chapter 3:                                                                                                  Material and Methods 

79 
 

3.5.3. Post-embedding immunocytochemical procedure 

The post-embedding silver-enhanced immunocytochemistry performed in this study 

has been previously described (Kalloniatis and Fletcher, 1993; Marc et al., 1990; 

Marc et al., 1995; Sun et al., 2003). Prior to immunolabelling step, sections were 

etched to increase the availability of epitopes at the section surface (Mathiisen et al., 

2006). The resin sections were deplasticized by immerging the slides in a 1:5 solution 

of sodium ethoxide:ethanol for 2 minutes. It is essential that all solutions are 

completely anhydrous, otherwise sections will be detached due to the formation of 

NaOH. Subsequent to etching process, the samples were re-hydrated through 2 minute 

inclusion in solutions of absolute methanol, 60% methanol, 30% methanol and 0.1 M 

phosphate buffer. The sections were then placed in 1% sodium borohydrate in 0.1 M 

phosphate buffer for 30 minutes to allow easier antibody access to the antigen due to 

the protonation of Schiff base linkages (Dawson et al., 1986) between amino acid and 

glutaraldehyde. Furthermore, sodium borohydrate can destroy the free aldehyde 

groups thus reducing background staining (Eldred et al., 1983). This step was 

followed by rinsing the tissue 3 times with 0.1 M phosphate buffer.  The tissue was 

then incubated for 1 hour in 3% goat serum (Chemicon, Temecula, CA) diluted in 

PBS at room temperature. Since the host of the secondary antibody is raised in goat, 

this blocking step is required to prevent nonspecific staining. Following this, the 

tissue was incubated in a solution containing the primary antibody diluted in 1% goat 

serum for 14 to 20 hours at room temperature (See table 1 for details of the primary 

antibodies applied). The tissue was then rinsed in 1% goat serum solution in PBS. A 

goat anti-rabbit secondary antibody coated with a 1 nm gold particle (British BioCell 

International Cardiff, UK) diluted at 1:100 in 1% goat serum in PBS was used to 

detect the primary IgGs by applying to the slide wells for 4 hours at room 

temperature. Slides were then rinsed in PBS for 30 minutes and fixed in 1% 

glutaraldehyde in 0.1 M phosphate buffer for 10 minutes followed by 2 x 5 minutes 

washes in phosphate buffer and deionised water. In order to visualize the primary 

antibody/gold particle complex, silver enhanced technique is used (Kalloniatis and 

Fletcher, 1993; Marc et al., 1990; Sun et al., 2003).  Slides were submerged in freshly 

prepared 0.2 M citrate buffer (pH 4.85) for at least 10 minutes and then transferred to 

developer/silver intensification solution (0.2M citrate buffer, 0.25M hydroquinone 

and 0.06M silver nitrate (1% w/v). One to two incubations in the silver intensification 
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solution were conducted at room temperature with approximately 4 minutes duration 

each. The second incubation was not performed if the silver-enhancing effect was 

obtained with a single incubation and this was confirmed by a quick visualization 

under a light microscope. To stop undesired deposition of silver, slides were 

submerged in 5% acetic acid solution for 15 seconds. Subsequently, the slides were 

rinsed in deionised water for 10 minutes for removal of unspecific silver deposits and 

air-dried for in a dust free environment.    

Specimens were then coverslipped in EPON and placed in an oven at 600 C for resin 

polymerization.  

 
Table 3.3. Details of antibodies used in post-embedding silver intensified 
immunocytochemistry 

 
Antigen Working 

dilution 
Antiserum Source Other studies 

Agmatine 
(AGB) 

1:50 
 

Rabbit anti-AGB 
 
 
 
 

AGB and all 
amino acid 
antibodies were 
purchased from 
Chemicon, 
Billerica, MA or 
kindly donated 
by Dr. RE Marc, 
University of 
Utah, Salt Lake 
City, UT 

Marc, 1999a,b 
Marc and Jones, 2002 
Sun et al., 2003 
Sun and Kalloniatis, 
2006 
Chua et al., 2009 

Glutamate 
 
Gaba 
 
Glycine 
 
Glutamine 
 
Taurine 
 
Aspartate 
 
Alanine 

1:500 
 
1:4500 
 
1:4500 
 
1:1000 
 
1:500 
 
1:500 
 
1:1000 

Rabbit anti-
glutamate 
Rabbit anti-
GABA 
Rabbit anti-
glycine 
Rabbit anti-
glutamine 
Rabbit anti- 
taurine 
Rabbit anti-
aspartate 
Rabbit anti-
alanine 

Fletcher and Kalloniatis, 
1993 
Mark et al., 1990, 1995 
Marc, 1999a,b 
Marc and Jones, 2002 
Sun et al., 2003 
Chua et al., 2009 
 
 

 

3.5.4.   Image acquisition with light microscopy. 

 

All images from post-embedding immunocytochemistry procedure were viewed on a 

Leica DMR light microscope (Leica Microsystems Ltd, Heerbrugg, Germany) and 
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captured by a Nikon DS-5Mc digital camera attachment. Images were acquired in 8-

bit format under fixed camera image gain and gamma. Silver-enhanced post-

embedding immunocytochemistry produces images that are log-linear pixel value 

scaled over a two log unit range (Marc et al., 1990, 1995). Images were captured at 

either 40x or 60x magnification using a Plan-Apochromatic oil immersion lens, 

producing an image of 1928 x 1450 pixels in dimension and resolution of 1300 dpi 

(TIFF format). The final figures were prepared by Adobe Photoshop (version 7.0; 

Adobe systems, Mountain View, CA).  

 

3.6. Indirect fluorescence Immunohistochemistry 
 

3.6.1. Fluorescence principles  

Fluorescence is the property of some atoms and molecules (fluorochromes or 

fluorophores) to emit light subsequent to excitation by an external source of energy. It 

occurs when excess energy released by electrons returning to the ground state is 

released as photons (Weller and Coons, 1954). In steady state, electrons are at the 

lowest level of energy - S0 or ground state. If a substance absorbs photons with 

enough and appropriate energy, electrons which are initially in S0 move to higher 

states of energy named excited single states, S1, S2 or Sn. The transition phase from S0 

to S1 or S2 occurs extremely fast, in approximately 10-15 s. The excited single states of 

organic fluorochromes (used in immunocytochemistry) are more expressive than 

those of atoms; therefore their energy levels are expressed as energy bands. As 

consequence, organic fluorochromes display very broad excitation and emission 

spectra. S0 (ground state) is also called single because the electrons in these bands are 

spin-paired. When returning to the ground state, excited electrons can take different 

paths which depending on the molecular configuration of the corresponding 

fluorochrome and the presence of other species of molecules in the environment result 

in i) fluorescence; ii) phosphorescence; or iii) radiation-less conversion (heat) 

(Ghiran, 2011).  
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Figure 3.3: Jablonski diagram. 
 
 

Another phenomenon is the internal conversion which corresponds to the release of 

excess energy in the form of heat that occurs when electrons are returning from an 

excited state (going from one energy level to the next energy level down). Because of 

the great proximity between energy levels S1 and S2, the probability that an electron 

from S2 bypasses S1 going straight to S0 is much lower than going from S2 to S1. 

Consequently, most fluorescence manifests when electrons transit from S1 to S0. 

According to Kasha’s rule, the difference in energy between S1 and S0 is the energy of 

the emitted photon (Kasha, 1950) In other instances, the energy lost by an electron 

transiting from S1 to S0 can be manifested as heat. In such scenario, a fluorescence-

less process occurs in which no photons are emitted by the organic fluorochrome.           

 

Another energy state for electrons to be in is the so called triplet state (Fig. X – right 

side of Jablonski diagram) which indicates that one group of electron spin is unpaired. 

This phenomenon occurs when spin of an electron from one of the higher vibrational 

energy levels is reversed moving the electron to the triplet state through the process 

named intersystem crossing. The triplet state is in a lower energy level compared to 

the single state and it is important because in this state electrons are reactive, 

promoting molecular interactions that lead to photobleaching and and reaction with 

oxygen producing free radicals (Ghiran, 2011).   
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3.6.2. Tissue fixation and processing 

Subsequently to dissection and incubation, retinal specimens were fixed in a mixture 

of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) 

for 30 minutes and then washed in 0.1 M phosphate buffer (pH 7.4). Cryoprotection 

was performed by placing the samples in graded sucrose solutions (10 and 20%) for 

10 minutes and tissue stored at 30% sucrose overnight at 4oC. The retinal segments 

were then mounted in freezing medium (OCT, Reichert, Nussloch, Germany), 

vertically sectioned at 16 µM thickness on a cryostat (Leica CM 3050 S cryostat) and 

collected on Superfrost TM Plus (Erie Scientific Company) coated slides and processed 

for immunocytochemistry or stored in the freezer until use.      

 

Immunocytochemistry labelling was conducted using the indirect fluorescence 

technique. Before immunolabelling process, frozen vertical sections were thawed at 

room for 10 minutes and then washed in PBS (pH 7.4) for 15-20 minutes. The 

samples were encircled with PAP pen after gentle wiping of the slide around the 

tissue, delimiting the area corresponding to the well. Following this, the slides were 

washed for 15-30 minutes in PBS (pH 7.4) and then immerged in a blocking solution 

containing 6% goat serum (GS), 1% bovine serum albumin (BSA), 0.5% Triton X-

100, 0.05% thimerosol in PBS for 1 hour at room temperature. The primary 

antibodies were diluted in PBS also containing 3% GS, 1% BSA and 0.5% Triton X-

100 (primary antibody details - table 3.2) and applied to the slide wells containing the 

retinal sections overnight at room temperature. Subsequent to overnight incubation of 

the retinal sections, the slides were washed 4 x 5 minutes in PBS to remove unbound 

primary antibodies. Secondary antibodies were conjugated to either Alexa TM 488 

(producing green fluorescence; Molecular probes, Eugene Oregon) or Alexa TM 594 

(red fluorescence, Molecular probes) and applied to the tissue for 4 hours.   

The slides were then washed 4 x 15 minutes in PBS and coverslipped in anti-fading 

medium being either with buffered glycerol or 4’, 6-diamino-2-phenylindole-DAPI 

(Molecular probes, Eugene, OR). DAPI provides nuclear counterstaining in blue.   
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Table 3.4. Primary antibodies used in indirect fluorescence immunocytochemistry 

Primary 

Antibody 

Working 

dilution 

Host Source/ 

catalog no. 

Reference 

Agmatine 
(AGB) 
 

1:50,1:100 
 

Rabbit, pab 
 

Chemicon 
(AB1568-
2000T)  
 

No endogenous 
signal in retina 
(Kalloniatis et al., 
2002; Sun and 
Kalloniatis, 2006) 
 

Calretinin 
 

1:1000 
 

Mouse, mab 
 

BD 
Biosciences 
(610908)  
 

Human: AC, GC 
(Nag and Wadhwa, 
1999) 
 

Islet-1 
(39.4D5) 
 

1:500 
 

Mouse, mab 
anti 39.4D5 
 

Developmental 
Studies 
Hybridoma 
Bank (39.4D5) 
 

Human: ON BC 
(Haverkamp et al, 
2003)  
 

Calbindin 
 

1:1000 
 

Mouse, mab 
anti-calbindin 
D28K clone 
CB955 
 

Sigma 
(C9848) 
 

Human: Cones, HC 
and DB3 (Nag and 
Wadhwa, 1999; 
Haverkamp et al 
2003) 
 

Parvalbumin 1:1000 Mouse, mab 
anti 
parvalbumin 
clone PARV-
19 
 

Sigma (P3088) Human: Cones, 

HC, AC, GC (Sanna 

et al, 1993; Nag and 

Wadhwa, 1999) 

Recoverin 
 

1:1000 
 

Rabbit, pab 
anti-recoverin 
 

Chemicon 
(AB5585)  
 

Human: Pr, BC, 
GC (Wiechmann, 
1996) 
 

Go-protein α 
subunit (Go- 
α)  
 

1:500 
 

Mouse, mab 
anti-Go- α 
 

Chemicon, 
 

Human: IPL (Nag 
and Wadhwa 2001) 
 

Gad-67 
 

1:500 
 

Mouse, mab 
anti-Gad-67 
 

Chemicon 
(MAB5406) 
 

Mouse: GABA-
ergicAC 
 

Synaptophysin 
 

1:100 
 

Mouse, mab 
anti-
synaptophysin 

Chemicon 
(MAB5258) 

Human: IPL/OPL 
(Nag and Wadhwa  
2001) 
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Nestin 1:200 Mouse, mab  
anti-nestin 
 

Chemicon 
(MAB5326) 
 

Human: GCL, NFL 
IPL and OPL 
(Mayer et al., 2003) 
 

Vimentin 1:200 Mouse mab 
 

Dako(Z0311) 
 

Mouse: Müller 
cells Fisher et al., 
2005) 

 

Gial fibrillary 
acidic protein 
(GFAP-Cy3) 
 

1:1000 
 

Rabbit 
 

Sigma 
(C9205) 
 

Human: Astrocytes 
and activated 
Müller cells (Sethi 
et al., 2005) 
 

Glutamine 
synthetase 
(GS) 
 

1:3000 
 

Mouse 
 

BD 
Biosciences 
(610518) 
 

Human: Müller 
cells  
(Sethi et al., 2005) 
 

Laminin 
 

1:100 
 

Rat  
 

Sigma-Aldrich 
(L9393) 
 

Human: ILM and 
blood vessels 
(Mayer et al., 2003) 
 

Connexin-43 
 

1:200 
 

Mouse anti-
Cx43 
 

Sigma 
(C6219) 
 
 

Human: NFL, 

GCL, MC, IPL 

(Kerr et al. 2010) 

Neurofilament 
200 (NF-200) 
 

1:250 Mouse pab 
 

Sigma 
(N4142) 

Human: GC and 
NFL (Ruiz-Ederra 
et al., 2004) 

MAP-2 
 

1:200 
 

Mouse, mab 
 

Chemicon 
(AB5543) 
 

Mouse: 
dopaminergic AC 
(Nguyen-Legros et 
al., 2007) 
 

GAP-43 
 

1:40 
 

Mouse, mab 
 

Novus 
Biologicals 
(NB300-143) 
 

Human: ganglion 
cells (Mayer et al., 
2003) 
 

Aquaporin 0 
AQP-0 
 

1:200 
 

Rabbit pab 
 

Alpha 
Diagnostics 
(AQP0) 

Rat: ON bipolar 
cells (Iandiev et al., 
2007) 

PKC- alpha 1:200 Rabbit pab Abcam 
(ab4124) 

Human: ON bipolar 
cells (Haverkamp et 
al., 2003) 
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Tyrosine 
Hydroxylase 
(TH) 
 

1:1000 
 

Rabbit pab 
 

Chemicon 
(AB152) 
 

Human: 
dopaminergic AC 
(Crooks and Kolb, 
1992)  
 

GABA 1:400 
 

Rabbit pab 
 

Chemicon/Dr. 
Robert Marc 
 

Human: Gabaergic 
AC (Fariss et al., 
2000 

Glutamate 1:400 Rabbit pab 
 

Chemicon/Dr. 
Robert Marc 
 

Primate: All retinal 
neurons 
(Kalloniatis et al.,   
1996) 

 

Creatine 
transporter 
(CRT) 
 

1:100 
 

Rabbit pab 
 

Assoc. Prof. 
David Christie 
(University of 
Auckland, NZ) 
 

Mouse: RPE, Ph, 
AC, GC (Acosta et 
al., 2005b) 
 

Rhodopsin 
(Rho 4D2) 
 

1:200 
 

Mouse, mab 
 

Chemicon 
(AB98887) 
 

Mouse: rod ph 
(Puthussery et al., 
2009) 
 

β-Tubulin III 
 

1: 200 Mouse, mab Sigma (T8660) Human:IPL, GCL, 

(Jomary et al., 2010 

Melanopsin 
 

1:5000 
 

Rabbit pab 
 

Assoc. Prof. 
Ignacio 
Provencio 
(University of 
Virginia) 
 

Human: 
melanopsin GC 
(Hannibal et al., 
2004) 
 

Opsin 
(Red/Green)  
 

1:200 
 

Rabbit pab 
 

Chemicon 
(AB5405) 
 

Human: red/green  
cones (Bonilha et al., 
2005) 
 

Opsin (Blue)  
 

1:200 
 

Rabbit pab 
 

Chemicon 
(AB5407) 

Human: Blue cones 
(Curcio et al., 1991) 
 

Pab: polyclonal antibody; Mab: Monoclonal antibody; Sigma: Sigma-Aldrich, St 
Louis, MO; BD Biosciences Hybridoma Bank: Developmental Studies Hybridoma 
Bank at the University of Iowa, Iowa City, IA; Chemicon: Chemicon International 
Inc., Billerica, MA; Sternberger Monoclonals: Sternberger Monoclonals Inc., 
Baltimore, MD; Novocastra: Novocastra Laboratories Ltd., Newcastle upon Tyne, 
United Kingdom. 
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3.6.3. Indirect immunofluorescence image capture with confocal 
microscopy 

 
All images were acquired with a confocal scanning module mounted on a 

fluorescence microscope Olympus FV1000 confocal microscope (Olympus, Tokyo, 

Japan). High resolution scanning was performed using a 40X objective lens (Plan-

Apochromat, 0.95 NA). Scans were collected with z-axis sequence with a step size of 

1µm per frame with 1024 X 1024 pixels and no additional zoom was used. Phase-

contrast images were acquired after confocal scanning to identify the retinal layers, 

and image intensity and contrast were adjusted using Photoshop (Adobe Systems, 

Mountain View, CA). The final images correspond to the maximal intensity 

projection of 12µm stack of scans from a selected area of the retinal section. The 

brightness and contrast were adjusted equally in final images by using Adobe 

Photoshop (Adobe Systems, Mountain View, CA). The images were acquired with an 

Olympus FV1000 confocal microscope. Quantification was done in selected areas 

based on the AGB staining, avoiding areas that reflect mechanical damage (Marc, 

1999a). 

 

3.7. Quantification of functional activation 
 
Cells containing AGB are indicative of functional open cationic channels at the time 

of KA activation, or constitutively open channels when there is no agonist in the 

physiological medium. To determine the proportion of functional channels, we 

applied markers of cell types and counted the percentage of cells colocalizing both the 

cell marker and AGB.  For each of the three control retinal specimens and two 

detached retina samples counting was performed in four different areas imaged with 

an Olympus FV1000 confocal microscope. Each area corresponding to 250µm of the 

retinal length was selected based on the quality of signal, excluding areas of retinal 

folding, or significantly distorted or damaged tissue. Values were expressed as a 

percentage of AGB colocalising with the macromolecular marker over the total 

number of macromolecular marker labelled cells per unit area. For quantification of 

glutamate-agonist activation, AGB positive cells had to meet the criteria of distinct 

soma labelling above background levels irrespective of the labelling intensity (weak 

or strong labelling), similar to that employed in previous studies (Acosta et al., 2007; 
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Chua et al., 2009; Sun and Kalloniatis, 2006). In some images the identification of 

immunoreactive cells was facilitated by the use of DAPI as counter-staining for cell 

nuclei (Mills and Massey, 1999). Regarding the cell type markers, we made no 

presumption concerning the ligand-evoked response of any particular cell type (e.g., 

large and small, weak and strong immunoreactive cells were counted). Retinal 

detachment immunolabelling was compared with neurochemical labelling of human 

control retina.       

 

We counted the number of cells positive for the cell marker and cells positive for 

AGB in the amacrine and bipolar cell populations. Parvalbumin clearly labels 

horizontal cells in human inner nuclear layer, and no other cell type is labelled with 

this marker in the outer portion of the human inner nuclear layer. Therefore we 

counted only parvalbumin-labelled horizontal cells. Considering that the counting of 

ganglion cells involved very low numbers in human mid-periphery, we decided not to 

include them in the quantification process. For calretinin, we counted all of the 

labelled amacrine cells. Although calbindin labels cells in all three neuronal orders, 

we concentrated the counting to positive-amacrine and bipolar cells. ON centre 

bipolar cells labelled with islet-1 were also quantified. 
 

Amacrine cells were topologically defined as localized adjacent to inner plexiform 

layer. Islet-1-positive bipolar cells were identified in the outer part of the inner 

nuclear layer, whereas calbindin-immunoreactive OFF bipolar cells were situated in a 

lower plan to the horizontal cells and above the inner row of amacrine cells. The 

quantification reflects the percentage of co-localization between AGB and cell marker 

type for the basal and agonists activation conditions. We counted approximately 150 

cells per marker in four different areas per donor subject leading to a total of 1000µm 

linear distance per marker for each retinal sample. 

 

Despite the limited number of retinal specimens, our consistent AGB signalling 

method applied to rat and mouse retina and excitation mapping in mammalian retinae 

(including primates) conducted by Robert Marc (Marc, 1999a; b; Marc et al., 2008; 

Marc and Jones, 2002; Marc et al., 2007) have never failed to represent the functional 

state of retinal cells. As mentioned by Marc (2007), the probability of any individual 

retinal sample depicting minimal or no activated cells after a sequence of 350 
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successes lies below 10-100 (Marc et al., 2007) using binomial probability. Therefore, 

our analysis of three RRD samples is a good representation of the outcome in this 

pathology. 

 

3.8. Cell death analysis 
 
We analysed the retinal specimens for the presence of signs of apoptosis using 

terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP nick-end labelling 

(TUNEL) technique (In Situ Cell Death Detection Kit from Roche Applied Science - 

Penzberg, Germany). TUNEL reaction detects apoptosis at a single-cell level in 

histological specimens. We used a series of sections of fresh human retinal specimens 

obtained from enucleation secondary to choroidal melanoma as negative control. 

Number of TUNEL positive cells were averaged in at least 3 areas of 300µm in length 

and expressed per mm of retina. We assessed TUNEL labelling in retinal sections of 

all three retinal detachment donors. Values were graphed to compare with previous 

values obtained from (Arroyo et al., 2005b).   

 

Additionally, we measured i) the total retinal thickness (TRT), ii) the outer nuclear 

layer (ONL) thickness and iii) the thickness of ONL combined with photoreceptors 

outer and inner segments (OS/IS). The measurements were performed in 5 different 

areas of vertical sections from all 3 RRD samples and 1 control retina. From these 

values we calculated the individual ratio of the entire length of photoreceptors, ONL 

and OS/IS over total retinal thickness.    
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Chapter 4:  Functional Activation of 
Glutamate Ionotropic Receptors in 
the Human Retina 
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4.1. Introduction 
 
Glutamate is the major excitatory neurotransmitter that conveys information within 

the retina and to the brain.  Two neuronal patterns exist to interpret excitatory 

synaptic signals in the retina: one mediated by ionotropic glutamate receptors and 

another by metabotropic glutamate receptors.  Based on pharmacological and 

physiological features, ionotropic glutamate receptors are classified as α-amino-3-

hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA), kainic acid (KA), and N-

methyl-D-aspartate (NMDA) receptors which are integral membrane proteins that 

form ligand gated cationic channels	   (Hollmann and Heinemann, 1994; Monaghan et 

al., 1989; Seeburg, 1993).   

 

The pre-equatorial human retina is the site of prevalent diseases such as retinal 

detachment especially in the elderly (Sasaki et al., 1995; Tornqvist and Ehinger, 

1988), for which the functionality of the ionotropic glutamate receptors is not known.  

So far, cation channel permeability in the glutamatergic pathway has been conducted 

mostly in the posterior pole in many species (Acosta et al., 2007; Kalloniatis et al., 

2004; Marc, 1999a; b; Marc et al., 2007; Marc et al., 2005; Sun and Kalloniatis, 

2006).  Therefore, the main goal of this study is to provide a reference for the 

functional activation pattern in the mid-peripheral retina, particularly in aged retina 

which is prone to retinopathies. In addition, we will confirm normal glial labelling 

and cell type markers expression pattern in the aged mid-peripheral retina. 

 

The glutamate receptor agonists KA, AMPA and NMDA activate ionotropic receptors 

which vary in spatial density and co-arrangement throughout development and in 

diseases (2008; Acosta et al., 2007; Chua et al., 2009; Sun et al., 2007a; 2007c).  

Electrophysiology and electron microscopy methods have been complemented with 

immunocytochemical studies of glutamate receptor subunits (Haverkamp et al., 2000; 

Klooster et al., 2009; Maple et al., 1999; Morigiwa and Vardi, 1999; Zhou and 

Dacheux, 2004).  However, subunit studies alone cannot account for the dynamic 

interactions with regulatory molecules that control the glutamate receptor function.  

 

An alternative method to identify glutamate receptor function is to visualize neuronal 
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excitation using organic or non-organic cation gating (Edwards and Michel, 2003; 

Marc, 1999a; b; Marc and Jones, 2002; Marc et al., 2003; Pourcho et al., 2002; Pruss 

et al., 1991; Sun et al., 2003). Neuronal excitation is essentially the result of the 

neuronal cation channel activity visualized with permeation reporters (Marc et al., 

2005; Yoshikami, 1981).  The guanidinium ions and guanidinium analogues are a 

well established group of organic channel permeating cations extensively used in the 

vertebrate retina to visualize neuronal excitation (Acosta et al., 2008; Acosta et al., 

2007; Chua et al., 2009; Kalloniatis et al., 2004; Kalloniatis et al., 2002; Marc, 1999a; 

b; Marc et al., 2007; Marc et al., 2005; Sun et al., 2003; Sun et al., 2007b). The 

permeating cation we use is agmatine (1-amino-4-guanidobutane; AGB), a 

guanidinium compound analogue that permeates endogenous or exogenously 

activated ionotropic glutamate receptors and is a reliable molecule for the 

identification of functional cationic channels (Edwards and Michel, 2002; 2003; 

Kalloniatis et al., 2004; Marc, 1999a; b; Marc et al., 2005; Sun and Kalloniatis, 2006; 

Sun et al., 2003; Sun et al., 2007b).  

 

AGB labelling has been used to define retinal metabolic profile in different species of 

young and adult mammalians including rat, mouse and rabbit and also to correlate 

with known cell type markers (Acosta et al., 2007; Kalloniatis et al., 2004; Kalloniatis 

et al., 2002; Marc, 1999a; b; Marc and Jones, 2002; Marc et al., 2003; Sun and 

Kalloniatis, 2006; Sun et al., 2003).  It has also been used to characterize the 

functional state of degenerating retinae (Kalloniatis et al., 2002; Marc et al., 2007; 

Sun et al., 2007b), and to identify the glutamatergic pathway without disruption of the 

tissue morphological integrity.  Aging of the healthy retina is accompanied by specific 

functional changes (Freund et al., 2011), that are more notorious in pathological 

conditions. Therefore, AGB labelling would be a suitable procedure for visualization 

of functional changes in the glutamatergic pathway. 

We have an opportunity to extend the functional characterization of glutamate 

receptor activation in human normal aged peripheral retina.  To visualize the cellular 

location of AGB entry within the human retina we incubated freshly isolated retinal 

preparations in physiological buffer containing AGB and glutamate receptor agonists.  

Subsequently, colocalization of macromolecular markers and AGB identified 

functional glutamate receptors within immunocytochemically labelled population of 
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cells.  This study extends the AGB technique employed in previous retinal studies 

(Kalloniatis et al., 2004; Kalloniatis et al., 2002; Marc, 1999a; b; Marc and Jones, 

2002; Marc et al., 2003; Sun and Kalloniatis, 2006; Sun et al., 2003), and reports 

assessment of cell markers in the normal aged peripheral human retina.  

 
4.2. Materials and methods 
 
4.2.1. Source of human retinal tissue and processing 

 
Human retinal samples were collected and informed consent obtained in accordance 

with the tenets of the Declaration of Helsinki and approved by the Institutional Ethics 

Review Committee of the University of Auckland and Auckland District Health 

Board. Donor eyes (N=3) were obtained from enucleation due to uveal melanoma (1 

individual with iris melanoma and 2 individuals with choroidal melanoma).  Despite 

the posterior pole location of the choroidal tumours visual acuity was equal or better 

than 6/12 and there were no ophthalmic symptoms suggestive of melanoma associated 

retinopathy. Patients’ demographic is shown in table 3.1, chapter 3. The retina outside 

the tumoral area was clinically normal, with no signs of exudative retinal detachment. 

Immediately following enucleation we dissected the retina into small segments and 

processed them for functional studies (see later).  To allow comparison among the 

different glutamate receptor activation procedures we used in all incubation 

conditions a segment of mid-peripheral nasal retina.  The three eyes were processed 

independently yet using a standard experimental set up.  We selected retinal 

specimens corresponding to an area approximately 7 mm from the ora serrata, 

including all pre-equatorial nasal retina (mid-periphery) in a contralateral location to 

the uveal tumour.  

 

Enucleated eyes were collected in saline; dissected posterior eyecups were mounted 

on filter paper and processed immediately for AGB incubation within a maximum 

time of 30 minutes from enucleation.  In our freshly collected samples there were no 

signs of post-mortem damage such as nerve fiber layer vacuolation, cytoplasmic 

swelling or Lange’s peripheral retinal folds (Gartner and Henkind, 1981).  There were 

no visible signs of jagged appearance of cell soma or poor neuronal dendritic pattern 



Chapter 4:                                                Glutamate Ionotropic Receptors in the Human Retina 

94 
 

(Scher et al., 2003).  Huang et al. (2000) showed that signs of anatomical 

abnormalities arise as soon as 5 hours post enucleation with better morphological 

preservation of peripheral retina compared to central retina.  Our samples were taken 

from mid-peripheral retina and were incubated in physiological buffer immediately 

after enucleation.  Unaffected retina from choroidal melanoma eyes has been used in 

previous studies describing the normal neuronal pattern (Hannibal et al., 2004a; 

Spitznas and Bornfeld, 1977; Tornqvist and Ehinger, 1988; Van Haesendonck and 

Missotten, 1993).   

 

4.2.2. Functional activation 

 
The AGB incubation experiments were conducted with the use of a modified brain 

physiological buffer as previously reported (Edwards et al., 1989; Sun and 

Kalloniatis, 2006).  The physiological buffer was prepared fresh each time a donor 

retinal sample was received.  The buffer contained 125 mM NaCl, 2.5 mM KCl, 26 

mM NaHCO3, 1.25 mM NaH2PO4, 10mM dextrose, 2 mM CaCl2, 1 mM MgCl2 (pH 

7.4). The osmolarity of the buffer solution was corrected when 25 mM AGB was 

added by reducing NaCl by 25mM.  Pharmacological agents were added at a 

concentration that achieved near maximal activation (sub-saturation levels) of 

ganglion and amacrine cells in the adult mouse retina: 30 µM amino-3-hydroxyl-5-

methylisoxazole-4-propionic acid (AMPA), 50 µM kainic acid (KA), 1 mM N-

methyl-D-aspartate (NMDA) (Chua et al., 2009; Sun and Kalloniatis, 2006). The 

incubation medium was bubbled in 95% O2/5% CO2 for at least 1 hour at 37°C before 

addition of the glutamate receptor agonist.  The tissues were incubated for 30 minutes 

(Marc et al., 2005) in the basal physiological buffer or for 5 minutes in the presence 

of glutamate receptors agonists (Marc, 1999a; Sun et al., 2007c) before fixation. A 30 

minute basal AGB incubation was selected to reveal AGB labelling pattern in long-

term conditions. This shows AGB permeation driven by synaptic transmission, not 

just constitutively open channels (Kalloniatis et al., 2004; Marc et al., 2005; Sun et 

al., 2007c).  
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4.2.3. Tissue processing and Immunocytochemistry 

 
Following incubation in the modified physiological buffer the retinal samples were 

immediately immersion-fixed for 30 minutes in chilled 4% paraformaldehyde with 

0.01% glutaraldehyde in 0.1 M phosphate buffer (Acosta et al., 2007; Sun and 

Kalloniatis, 2006).  Next, the tissue was washed 3 times for 10 minutes each in 

phosphate buffered saline (PBS) at room temperature.  Following the washing steps, 

the tissue was prepared for cryosectioning by immersion in graded series of 

sucrose/PBS solution (10% and 20%) for 10 minutes and stored in 30% sucrose 

overnight at 4°C.  The tissue was then soaked in Tissue-Tek® optimum cutting 

temperature compound (OCT, PELCO International, Redding, California) for 5 

minutes before freezing.  Vertical sections of the retina at 16 µm thick were obtained 

using a Leica (Heidelberg, Germany) CM3050 S cryostat and collected on 

SuperfrostTM Plus (Erie Scientific, Portsmouth, NH) microscope slides.  The slides 

were stored at -20°C until used for immunocytochemistry. 

 

For the immunocytochemical procedures we thawed slides at room temperature for 10 

minutes and rinsed them 3 times with PBS. Nonspecific binding sites were blocked 

with a buffer containing 6% goat serum, 1% bovine serum albumin, 0.5% Triton X-

100, and 0.05% thimerasol in PBS (pH 7.4) for 1 hour.  The slides were quickly 

washed with PBS after the blocking step to improve the signal-to-noise ratio.  Retinal 

cells were labelled with a range of macromolecular markers that are commonly used 

to classify population of cells (Table 2).  The specificity and description of these 

antibodies has previously been described (Acosta et al., 2008).  The antibodies were 

diluted in a solution containing 3% goat serum, 1% bovine serum albumin, 0.5% 

Triton X-100, and 0.05% thimerasol in PBS (pH 7.4) and applied to the retinal 

sections overnight at room temperature.  Sections were rinsed 3 times for 10 minutes 

with PBS to remove unbound primary antibody.  To visualize the labelling, tissues 

were incubated in the dark with goat anti-mouse antibody conjugated to Alexa TM 

488, and/or goat anti-rabbit antibody conjugated to Alexa TM 594 (Molecular Probes, 

Eugene, OR) for 3 hours.  Secondary antibodies were diluted in 3% goat serum, 1% 

bovine serum albumin, 0.5% Triton X-100, and 0.05% thimerasol in PBS (pH 7.4) at 

1:500 and centrifuged  at low speed briefly to remove any antibody aggregates. In 

colocalization (double labelling) experiments, sections were incubated in a mixture of 
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primary antibodies followed by a combination of secondary antibodies.  The slides 

were cover-slipped with an anti-fading medium (Citifluor, Alltech, NZ) sometimes 

containing 4’,6-diamino-2-phenylindole – DAPI (Molecular probes, Eugene, OR) to 

label nuclei.  The specificity of the secondary antibody was confirmed by leaving out 

the primary antibody, or using a secondary antibody from a different species. These 

experiments led to minimal background fluorescence.  

 

4.2.4. Immunochemical Characterization 

 
The rabbit polyclonal agmatine (AGB) antibody was selective for glutaraldehyde- 

linked AGB bovine serum albumin, the specificity of which was confirmed using dot 

immunoassay (Marc et al., 1995; Marc, 1999a).  AGB was purchased from Chemicon 

(Billerica, MA) formerly characterized by Marc (1999a, 1999b). No cross reactivity is 

found against arginine, glutamate, and other amino acids according to the Chemicon 

datasheet and control assays as reported by Marc (1999a).  The AGB antibody was 

used at a concentration of 1:50 that provided optimized visualization of labelled 

retinal cells. Several factors are involved in the visualization of AGB labelling 

including: cell volume, channel size, number of open channels, affinity of receptor 

channels for its ligand, channel permeability differences, and channel desensitization 

characteristics (Marc, 1999a; b; Sun and Kalloniatis, 2006).  We assessed AGB 

labelling of functional receptors paying attention to the location and morphological 

aspects of the immunocytochemically marked cells and the topological location of 

axons and dendrites in the different strata of the inner plexiform layer to aid in cell 

identification.  

 

We used the mouse monoclonal anti-calretinin antibody, IgG1 isotype, clone 34; BD 

Transduction Laboratories San Jose, CA. Calretinin is a well-known marker of AII 

amacrine cells in macaque (Ghosh et al., 2001; Grünert and Wässle, 1996; 

Hendrickson et al., 2007; Mills and Massey, 1999; Wässle et al., 1995), and human 

retina (Nag and Wadhwa, 1999; Scher et al., 2003).  The antibody was prepared 

against amino acids 38-151 of rat brain calretinin; the sequence is located near the N-

terminal end and is unique to calretinin proteins.  The positive control for this 

antibody demonstrates a single band of 29 kDa in rat brain (information provided by 
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BD Transduction, San Jose, CA). The antibody islet-1 (39.4D5) is a cell class specific 

transcription factor that identifies the insert in plasmid PC-Isl-1 (Thor et al., 1991), 

encoding a 25 kD truncated rat islet-1 protein corresponding to amino acids residues 

178-349.  Islet-1 mouse monoclonal antibody is an IgG2b isotype. It has been 

described as a marker for most ON bipolar cells in human retina (Haverkamp et al., 

2003).  

 

An antibody against Go-α was used to further recognise rod and cone ON bipolar 

cells (Haverkamp et al., 2003). It specifically recognises the alpha subunit of Go 

protein. The epitope is a single protein band of 39- 42 kDa in bovine brain. The 

human retina is labelled in an identical pattern to the one we have reported in the 

mouse retina (Haverkamp et al., 2003; Acosta et al. 2008). We purchased the mouse 

monoclonal anti-calbindin D-28k antibody, IgG1 isotype, clone CB95; Sigma, St 

Louis, MO. It is derived from the CB-955 hybridoma and for its production, mice 

were immunized with a purified bovine kidney calbindin D-28K. It labels cone 

photoreceptors outside the fovea, and some horizontal and amacrine cells and a sub-

set of ganglion cells. Calbindin is a marker of DB3 bipolar cells in humans 

(Haverkamp et al., 2003).  

 

To further identify GABAergic amacrine cells, we used GAD67. The antibody 

recognises a sequence within the 400 aminoacids in the 67- kDa form of cat occipital 

cortex GAD (cited in Acosta et al. 2008). Similarly to the primate retina (Andrade et 

al., 2003), the GAD67 antibody labels amacrine cells and cells in the ganglion cell 

layer. The polyclonal antibody against parvalbumin (PV), isotype IgG1, was obtained 

from Sigma (St. Louis, MO). It recognizes a 12-kDa protein in human; does not react 

with other members of the EF-hand family (product information). PV labels the H1 

and H2 horizontal cells in primate retina (Röhrenbeck et al., 1989).  

 

In order to label Müller cells and astrocytes we used glutamine synthetase (GS) 

isotype IgG2A and glial fibrillary acidic protein (GFAP), respectively. GS was 

purchased from BD Biosciences (San Jose, CA).	 It is found in mammals as an 

octamer of identical 45 kDa subunits (technical data sheet). GFAP pre-conjugated 

with CY3 was obtained from Sigma (St. Louis, MO). The antibody reacts specifically 

with GFAP in immunoblotting assays and labels astrocytes, Bergmann glia cells and 
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chondrocytes of elastic cartilage in immunohistochemical staining (technical data 

sheet).  The expression of GFAP and GS varies in different vertebrate species 

(Reichenbach and Bringmann, 2010).  In normal human retina, GS has been described 

in Müller cells, but not in astrocytes whereas GFAP is expressed by both Müller cells 

and astrocytes (Lewis and Fisher, 2003). 

 

4.2.5. Cell death analysis 

 
We assessed all retinal specimens incubated in AGB for the presence of signs of 

apoptosis with the use of terminal deoxynucleotidyl transferase mediated fluorescein 

dUTP nick end labelling (TUNEL) technique.  This technique uses the In Situ Cell 

Death Detection Kit from Roche Applied Science (Penzberg, Germany). TUNEL 

labelling was conducted on all samples. 

 

4.2.6. Image acquisition and quantification 

 
All images were acquired with a confocal scanning module mounted on a 

fluorescence microscope Olympus FV1000 confocal microscope (Olympus, Tokyo, 

Japan).  High resolution scanning was performed using a 40X objective (Plan 

Apochromat, 0.95 NA).  Scans were collected with z-axis sequence with a step size of 

1µm per frame with 1024 x 1024 pixels.  Phase contrast images were acquired after 

confocal scanning to identify the retinal layers.  The final images correspond to the 

maximal intensity projection of approximately 7 µm stack of scans from a selected 

area of the retinal section.  The brightness and contrast were adjusted equally in final 

figures by using Adobe Photoshop (Adobe Systems, Mountain View, CA).  

 

Quantification was done in selected mid-peripheral areas based on the AGB staining, 

avoiding areas that reflected mechanical damage (Marc, 1999a).  For quantification of 

glutamate receptor activation, AGB positive cells had to meet the criterion of distinct 

soma labelling above background levels irrespective of the labelling intensity (weak 

or strong labelling), similar to that employed in previous studies (Acosta et al., 2007; 

Chua et al., 2009; Sun and Kalloniatis, 2006).  Sun and Kalloniatis (2006) reported 
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that less than 10% AGB permeation should be considered experimental error. Basal 

activation for 30 minutes was atypical in the sense that the long incubation period 

may reflect the response of rods and cones including non-selective cation channel 

permeability through ON bipolar cells, reflecting metabotropic receptor permeability 

(Marc et al., 2005; Kalloniatis et al; 2004). Therefore, interpretation of the AGB 

labelling pattern under 30 minute basal conditions was limited to discussion of the 

activation of amacrine cells.  On the other hand, ligand evoked response for 5 minutes 

override any endogenous glutamate signaling. In the ligand evoked AGB permeation 

we counted cells of all cell types (e.g., large and small, weak and strong 

immunoreactive cells were counted).  Cell counting was performed in the mid-

peripheral retina for the three samples.  We counted the number of cells positive for 

the cell marker and cells positive for AGB in the amacrine and bipolar cell 

populations.  Parvalbumin (PV) labels horizontal cells in the human inner nuclear 

layer (INL), and weakly labels amacrine cells. We counted only parvalbumin labelled 

horizontal cells in samples 2 and 3.  Cells in the ganglion cell layer were labelled with 

several markers but we could not discriminate between ganglion cells and displaced 

amacrine cells, therefore they were not included in the quantification.  For calretinin, 

we counted all of the labelled amacrine cells in the INL (average of 50 cells per 

marker in all three samples).  Amacrine cells were defined as those cells localized 

adjacent to the inner plexiform layer (IPL).  Calbindin labels cones, bipolar, amacrine 

cells and ganglion cells.  We counted all calbindin positive cells in the INL. ON 

centre bipolar cells labelled with islet-1 were also quantified. Islet-1 positive bipolar 

cells were identified in the outer part of the INL.  The quantification reflects the 

percentage of colocalization between AGB and cell marker for all the AGB 

incubation conditions.  At least 50 immunolabelled cells per marker in four different 

mid-peripheral retinal areas and a minimum of 20 PV positive horizontal cells were 

used in the quantification. The number of AGB positive horizontal cells after KA 

activation in patient 1 was too low to be included in the analysis. 
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4.3. Results 

4.3.1. Preserved retinal morphology and cell viability post-incubation 

 
The human retinal tissue was first tested with a marker of apoptosis to confirm that 

the retina from the melanoma patients was normal and could be used as control.  

There were no morphological features to suggest mechanical damage, nor were 

apoptotic cells detected using TUNEL labelling (Fig.4.1A).  In order to check whether 

we could use AGB to detect functional cationic channels, we first applied the AGB 

antibody to non-AGB incubated retinal samples.  The immunohistochemical reaction 

did not reveal AGB labelling in cells; only unspecific staining in the nerve fiber layer 

was detected (Fig. 4.1B). AGB labelling was only detected when exogenous AGB 

was provided to the retina in the incubation medium (e.g. Fig. 4.2).  Glutamine 

synthetase (GS) and glial fibrillary acidic protein (GFAP) are glial cell markers 

frequently used to identify retinal damage or degeneration.  Thus, we employed them 

as sensitive markers for confirmation of the viability of our retinal specimens.  GS 

presented a typical normal labelling of Müller cells spanning the entire retina (Fig. 

4.1C), whereas GFAP immunoreactivity was found limited to the nerve fiber layer 

(NFL; Fig. 4.1D).  Therefore, these two markers reinforced the value of freshly 

obtained tissue for our immunohistochemical studies and confirmed previously 

reported  labelling patterns of GFAP and GS in the normal human retina (Linser and 

Moscona, 1979). 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4:                                                Glutamate Ionotropic Receptors in the Human Retina 

101 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Confocal fluorescence micrographs representative of the three human 

retinal samples. (A) After incubation in physiological brain buffer there are no 

TUNEL positive cells in the retinal samples. (B) No endogenous AGB is detected in 

non- incubated samples. (C) Glutamine synthetase (GS) and (D) Glial fibrillary acidic 

protein (GFAP) show a normal labelling pattern of the glial cells. Abbreviations:  

outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), 

inner plexiform layer (IPL), ganglion cell layer (GCL), nerve fiber layer (NFL). The 

two horizontal lines in each image represent the extent of the IPL. Scale bar: 20 µm. 
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4.3.2. AGB permeability in the human mid-peripheral retina 

 
AGB can be used to visualize the expression of glutamate ionotropic receptors in 

human retina by incubating the tissue in physiological buffer supplemented with 

glutamate receptor agonists.  Figure 2 shows the AGB pattern in human retina after 

basal activation (30 minutes: Fig. 4.2A) and secondary to activation of ionotropic 

receptors with glutamate analogues (5 minutes: Fig.4. 2B-D).  After 30 minutes basal 

incubation of retinal tissue in AGB (25 mM) with no glutamate analogues, AGB 

labelling was observed in inner retinal neurons adjacent to the IPL, putatively 

amacrine cells (Fig. 4.2A arrowhead), and in a few cells in the ganglion cell layer 

(Fig. 4.2A arrow).  Strong labelling was also observed in the NFL, although no AGB 

labelling was observed in the outer nuclear layer (ONL). This labelling pattern is most 

likely a mechanical artifact reported in other retinal preparations including retinal 

stretching resulting from the dissection procedure (Marc, 1999a; Kalloniatis et al., 

2002; Sun et al 2007a, Sun et al 2003, Marc et al., 2005). 

  

Selective glutamate drive can be assessed using short-term (5 minutes) incubation 

with a range of glutamate receptor agonists. Marc et al. (Marc et al., 2007) employed 

5 mM AGB together with 25 µM KA for 10 minutes to activate a human retinitis 

pigmentosa (RP) retina.  In our study the best excitation resulted from 25 mM AGB 

together with 50 µM KA for 5 minutes.  The AGB labelling secondary to KA 

activation showed positive cells in the INL particularly strong labelling of putative 

amacrine cells (Fig. 4.2B arrowhead) and bipolar cells (Fig.4. 2B small arrow) was 

observed.  Some neurons located close to the outer plexiform layer (OPL), 

presumably horizontal cells (Fig. 4.2B long arrow) were also AGB positive.  

Furthermore, we noticed a strong labelling of the IPL and cells in the ganglion cell 

layer (GCL; Fig. 4.2B arrow).   

 

With 5 minutes incubation in the presence of AMPA, there were similarities to KA, 

including labelling of amacrine (Fig. 4.2C arrowheads) and ganglion cells (arrows).  

In addition, labelling of the outer portion of the INL including putative bipolar cells 

(Fig. 4.2C small arrow) was observed. Labelling of horizontal cells was not as 

pronounced as for KA; nevertheless, there were some AGB labelled horizontal cells 
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(Fig. 4.2C, long arrow).  We also incubated the retinal eye cup for 5 minutes in 1mM 

NMDA.  

As in other vertebrate tissue, AGB labelling revealed expression of functional 

receptors on amacrine cells (Fig. 4.2D arrowheads) and cells in the GCL (arrows).  

However, the great majority of horizontal cells and bipolar cells were not AGB 

labelled secondary to NMDA activation. 
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Figure 4.2- Confocal fluorescence micrographs of vertical frozen sections through 

normal aged human retina immunocytochemically labelled with AGB. A. Basal 

activation shows weak AGB labelling of amacrine cells (arrowhead) and ganglion 

cells (arrow). B. Kainate (KA) activation shows AGB labelling of amacrine cells 

(arrowhead), some bipolar cells (small arrow), displaced amacrine cells (arrow) and 

horizontal cells (thin arrow). C. AMPA activation reveals AGB immunoreactivity of 

amacrine cells (arrowheads), weak labelling of bipolar cells (small arrow), horizontal 

cell (thin arrow) and cells in the GCL (arrow). D. NMDA activation results in AGB 

labelling of amacrine cells (arrowheads) and cells in the GCL (arrows). Abbreviations 

are as in Figure 4.1. Scale bar : 20 µm.   
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4.3.3. Expression of cell markers 

 
The three mid-peripheral retinal samples showed a similar labelling pattern. Figure 3 

shows the best representation of the labelling pattern encountered for the cell markers 

employed in this study.  Mills and Massey (1999) identified calretinin positive cells in 

the peripheral primate retina as being exclusively AII amacrine cells.  A typical 

description of AII amacrine cells show them as large, round or mitral-shaped cell 

bodies and displaying a bi-stratified dendritic morphology, with lobular dendrites in 

the sublamina a of the IPL and an “arboreal” dendritic aspect in sublamina b (Fig. 

4.3A).  In the human retina both calbindin and calretinin label populations of 

amacrine and ganglion cells; however, only calbindin labels horizontal cells. In 

particular, H2 horizontal cells are labelled with calbindin (Wässle et al., 2000).  There 

are other calbindin positive cells located in the middle portion of the INL (Fig. 4.3B). 

These cells are thought to be OFF bipolar cell, more precisely the DB3 bipolar cells 

previously described in macaque and human retina (Grünert et al., 1994; Haverkamp 

et al., 2003).  All calbindin labelled photoreceptors presented a cone-like morphology 

and the labelling was strong throughout the cells from the inner segments up to the 

pedicle in accordance with previous descriptions (Haley et al., 1995; Haverkamp et 

al., 2003; Nag and Wadhwa, 1999).  Another small calcium binding protein, PV, is 

classically associated with H1 and H2 horizontal cells in primates (Röhrenbeck et al., 

1987).  We identified a clear labelling of all horizontal cells with PV (Fig. 4.3C). 

Moreover, there were a few weakly PV labelled cells whose morphology and location 

adjacent to the IPL are indicative of amacrine cells (Fig. 4.3C, arrowheads). PV 

positive amacrine cells resemble the knotty type 2 amacrine cell described by 

(Mariani, 1990) using the Golgi method. This cell type has two homologues in 

humans: the A3 cells and A4 cells (Klump et al., 2009).   

 

The transcription factor Islet-1 has been described in association with most ON 

bipolar cells in the monkey and human retinae (Haverkamp et al., 2003), and also in 

cholinergic population of amacrine cells, some displaced amacrine cells as well as 

ganglion cells in mice (Acosta et al., 2007). We employed islet-1 as a marker of 

bipolar cells (Fig. 4.3D). In particular, we used islet-1 as a marker of ON bipolar cells 

as described before (Haverkamp et al., 2003).  
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Figure 4.3- Confocal fluorescence micrographs of vertical frozen sections through 

normal human retina immunocytochemically labelled with cell markers. A. Calretinin 

B. Calbindin C. Parvalbumin D. Islet-1. Abbreviations as in Figure 4.1. Scale bar: 20 

µm. 
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4.3.4. Basal AGB permeation 

 
To determine the population of cells expressing constitutively open channels in the 

human retina, we double labelled the tissue with AGB and various markers of cell 

types. Our basal activation for 30 minutes differed from shorter incubations in that 

high AGB concentration and longer incubation time resulted in AGB permeability 

through ionotropic and metabotropic receptors (Marc et al., 2005; Kalloniatis et al. 

2004). We observed AGB intense labelling on amacrine cells, ganglion cells, nerve 

fiber layer and weakly discernable bipolar cells in addition to a uniform AGB staining 

of the plexiform layers. Compared to surrounding cells in the nuclear layers, we 

observed distinguishable AGB positive cells in the inner part of the INL (Fig. 4.4A, 

D, G and J) colocalizing with the markers.  Some of the calretinin labelled cells 

colocalised with those intense AGB labelled amacrine cells (Fig. 4.4A-C).  The 

quantification of these calretinin positive cells was: 11± 4% in patient 1, 45± 18% in 

patient 2 and 26± 5% in patient 3 (Fig. 9). Therefore, although AII amacrine cells 

have constitutively open cationic channels revealed by a 30 minute basal incubation, 

not all AII cells are activated in mid-peripheral retina. 

 

Likewise, there were discernable AGB positive cells in the innermost row of the INL 

with somata and processes strongly stained with calbindin (Figs. 4.4D-F arrowheads).  

The labelling pattern was similar for the three samples.  We did not observe obvious 

basal AGB labelling on horizontal cells or on DB3 bipolar cells. In addition, 

quantification of intensely AGB labelled calbindin cells in the INL (mostly amacrine 

cells and some bipolar cells) revealed 23 ± 6%, 27± 5% and 30± 7% colocalization 

for patient 1, 2 and 3 respectively (Fig. 4.9). In the GCL, we also found calbindin 

labelling in the somata and processes of some cells, which did not have AGB.  We did 

not observe colocalization of AGB and calbindin in the ONL. However, intense AGB 

labelling in all photoreceptor inner segments was noticed, and especially increased in 

calbindin positive cones. This was an expected result from the long basal activation 

incubation. 

 

Basal AGB permeation was not observed in the PV positive horizontal cells (Fig.4. 

4G-I).  Moreover, a group of neurons of large soma (suggestive of ganglion cells) was 

detected in the GCL colocalizing with AGB (Figs. 4.4G-I arrows).  We did not find 
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strong PV labelling of amacrine cells and colocalization with basal AGB was not 

assessed. 

 

Under basal conditions we did not observe strong AGB permeation into islet-1 bipolar 

cells (Fig. 4.4J-L).  Like in the rat retina, where bipolar cells show basal AGB 

permeation, almost all bipolar cells in the outer half of the human INL showed diffuse 

AGB permeability.  However, cells in the GCL colocalized AGB and islet-1 (Fig. 

4.4J-L, arrow).  
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Figure 4.4- Confocal fluorescence micrographs of vertical frozen sections through human 

retina that have been incubated in AGB (basal incubation for 30 minutes) and double labelled 

with AGB (green) and cell markers (red). A, D, G and J show weak AGB labelling in the 

INL amacrine cells (arrowheads) and ganglion cells (arrows). A-C Colocalization of AGB 

and calretinin shows AGB labelling on CR positive amacrine cells (arrowheads) D-F There is 

colocalization of AGB with CB positive amacrine cells (arrowheads). G-I PV positive 

horizontal cells do not colocalize with AGB. AGB positive amacrine cells do not show PV 

labelling. However, ganglion cells (arrow) were labelled with AGB. J-L There was no 

colocalization of Islet-1 positive cells with AGB in the INL, although Islet-1-positive cells in 

the GCL contained AGB (arrow). Abbreviations:  calretinin (CR), calbindin (CB), 

parvalbumin (PV), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear 

layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL), nerve fiber layer (NFL). 

Scale bar = 20 µm. 
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4.3.5. AGB permeation after AMPA activation in aged peripheral retina 

 
We then investigated selective ionotropic receptor activation using short-term AGB 

incubation in the presence of glutamate analogues.  AMPA (30 µM) led to AGB 

permeation into many amacrine cells (Fig. 4.5A, D, G and J, arrowheads) and 

ganglion cells (arrows). AII amacrine cells have been shown to express AMPA 

receptor subunits and physiologically respond to AMPA stimulation (Ghosh et al., 

2001; Mørkve et al., 2002). We counted a total of 50 calretinin positive cells in at 

least 4 areas per sample. Virtually all calretinin positive AII amacrine cells (Fig. 4.5A-

C) had functional AMPA receptors in all three patients (patient 1: 86± 13%; patient 2: 

92± 7% and patient 3: 95±5%; Fig. 4.9).  

 

The calbindin positive H2 horizontal cells had AGB labelling after AMPA activation 

(Fig. 4.5D-F, long arrow).  However, we did not observe colocalization of AGB and 

calbindin in bipolar cells. Conversely, AGB labelling secondary to AMPA activation 

was detected in calbindin positive amacrine cells in all three samples: (patient 1: 38± 

13%; patient 2: 42± 3% and patient 3: 54± 5%; Fig. 4.9).  Calbindin antibody labels 

more than one population of amacrine cells in the primate retina, although AII cells 

are among them (Chiquet et al., 2002).  AGB immunoreactivity was seen on big 

calbindin positive cells in the GCL (Fig. 4.5 D-F arrow) and no colocalization was 

observed with smaller soma size cells.  

 

The PV positive horizontal cells colocalized with AGB (Fig. 4.5G-I, long arrow). 

Functional AMPA receptors were observed among 20 PV positive cells counted in 

each of the two samples (patient 2: 58±16% and patient 3: 87± 25%; Fig. 4.9). 

Nevertheless, we could not further distinguish the proportion of AMPA on H1 and H2 

because PV labels both cell types. In this study PV positive amacrine cells were 

weakly labelled and putative displaced amacrine cell colocalized AGB and PV (Fig. 

4.5H, arrowhead). 

 

The transcription factor Islet-1 has been described in association with most ON 

bipolar cells (Haverkamp et al., 2003).  Here we show weak AGB permeation after 

AMPA activation into bipolar cells (none shown in Fig. 4.5J-L, but see Fig. 4.5D, G 

and Fig. 4.7A-C). There is colocalization with certain islet-1 positive cells in the 
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GCL, presumably displaced amacrine cells due to the soma size (Fig. 4.5J-L, arrow). 

The colocalization of AGB with islet-1 immunoreactive bipolar cells was lower than 

5% after AMPA activation (Fig. 4.9), likely reflecting false positive labelling as 

observed in other studies (Sun and Kalloniatis, 2006). 
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Figure 4.5. Confocal micrographs of vertical frozen sections through human retinae that have 

been activated with 30 µM AMPA in AGB physiological buffer. Retinal sections were double 

labelled with AGB (green) and cell markers (red). (A, D, G, J) There is strong labelling of 

amacrine cells (arrowheads), horizontal cells (long arrow) and cells in the GCL (arrows). (A-

C)  Colocalization of AGB and CR shows AGB labelling on amacrine cells (arrowheads). (D-

F) CB immunoreactive cells colocalize with AGB in amacrine (arrowheads), horizontal cells 

(long arrow), and ganglion cells (arrow). There is no colocalization with CB positive bipolar 

cells (blue arrow). (G-I) Parvalbumin immunoreactive horizontal cells colocalize with AGB 

(long arrow). A putative displaced amacrine cells is also observed in the GCL (arrowhead). 

(J-L) AGB and islet-1 colocalization is found in some ganglion cells (arrow). AGB positive 

cells in the outer INL, did not colocalize with islet-1 (blue arrow). Abbreviations are as in 

figure 4.4. Scale bar, 20 µm. 
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4.3.6. AGB permeation after KA activation in human retina 

 
KA (50 µM) activation lead to AGB labelling of amacrine cells, horizontal, bipolar 

cells and a few displaced amacrine and ganglion cells (Fig. 4.6 A, D, G, J).  Calretinin 

positive amacrine cells contained AGB secondary to KA activation. Even though we 

did not focus on the analysis of the GCL cells, there was colocalization with AGB 

post-KA activation (Fig. 4.6A-C).  A great proportion of the calretinin positive 

amacrine cells presented functional KA receptors: patient 1: 35± 9%; patient 2: 54± 

15% and patient 3: 45± 16% (Fig.4.9).  Not all calbindin labelled horizontal cells 

colocalized with AGB after KA activation (Fig. 4.6D-F); however, a number of 

calbindin positive cells in the INL displayed AGB immunoreactivity (patient 1: 26± 

4%; patient 2: 44± 14% and patient 3: 78±9%; Fig. 4.9). 

 

Horizontal cells labelled with PV were AGB immunoreactive secondary to KA 

activation (Fig. 4.6G-I). We consistently observed a number of AGB positive 

parvalbumin labelled horizontal cells (patient 2: 61±22 % and patient 3: 91±8 %; Fig. 

4.9). None of the AGB labelled amacrine cells could be identified as parvalbumin 

positive, probably due to its weak labelling of these cells.  Cells in the GCL positive 

for AGB did not express parvalbumin (Fig. 4.6G-I, arrow).  Although there was KA 

activated AGB entry into bipolar cells (Fig. 4.6J-L), minimal was the colocalization 

of islet-1 positive bipolar cells with AGB (small arrow).  Other bipolar cells not 

labelled with islet-1 did express functional KA receptors (blue arrow).  Colocalization 

of AGB secondary to KA with Islet-1 revealed that a small number of ON bipolar 

cells in the aged mid-peripheral human retina expresses functional KA receptors (Fig. 

4.9).  

 

In order to confirm the observed lack of colocalization between islet-1 positive 

bipolar cells and AGB immunoreactive bipolar cells after KA activation, we double 

labelled retinal sections incubated in 50 µM KA with AGB and another ON bipolar 

cell marker. Go-α is a known marker of depolarizing bipolar cells in the human retina 

(Haverkamp et al., 2003), labelling the somata and extensions of these neurons. This 

labelling pattern is morphologically different from the nuclear labelling of islet-1, 

although identifies similar bipolar cell populations. We observed extensive lack of 

colocalization between Go-α positive bipolar cells and AGB positive bipolar cells 
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after KA activation (Fig. 4.7A-C). This finding reinforced the concept that the AGB 

labelled bipolar cells post-KA activation were essentially hyperpolarizing bipolar 

cells. 

Similarly, we extended the identification of amacrine cells expressing AMPA 

receptors. We employed GAD-67 which labels cholinergic amacrine cells and also 

dopaminergic and serotoninergic amacrine cells in primate retina (Andrade et al., 

2003). The double labelling revealed partial colocalization between AGB and GAD-

67 immunoreactive amacrine cells (Fig. 4.7 D-F). Some GAD-67 positive cells were 

labelled with AGB (arrowheads), whereas other GAD-67 amacrine cells were AGB 

immunonegative (blue arrowheads).       
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Figure 4.6. Confocal fluorescence micrographs of vertical frozen sections through human 

retinae that have been activated with 50 µM KA.Retinal sections were double labelled with 

AGB (green) and cell markers (red). (A, D,G, J) The images show strong AGB labelling in 

the INL: horizontal cells (long arrow), bipolar cells (small arrow), amacrine cells 

(arrowheads) and cells in the GCL (arrow). (A-C) Colocalization of AGB and CR shows 

AGB immunoreactive AII amacrine cells (arrowheads). (D-F) There is AGB on CB labelled 

AII amacrine cells (arrowheads) and on CB positive bipolar cells (small arrow). (G-I) AGB 

immunoreactive horizontal cells colocalize with parvalbumin (long arrow). AGB labelled 

cells in the GCL do not colocalize with PV. (J-L) Some Islet-1 immunoreactive ON bipolar 

cells have functional KA receptors (small arrow); however, AGB labelling is observed in 

Islet-1-negative bipolar cells (blue arrow). Abbreviations as in figure 4.4. Scale bar, 20 µm. 
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Figure 4.7. Confocal micrographs of vertical frozen sections through human retina 

activated with 50 µM KA (A-C) and 30 µM AMPA (D-F). Retinal sections were 

labelled with AGB and Go-α (after KA activation, A-C) or GAD-67 (after AMPA 

activation, D-F). (A-C) No colocalization is observed between AGB positive bipolar 

cells and Go-α immunoreactive bipolar cells (blue arrows). (D-F) Double-labelling 

with AGB post-AMPA activation and GAD-67 reveals a partial colocalization in the 

amacrine cell layer. Some GAD-67 positive amacrine cells colocalize with AGB 

(white arrows), whereas other amacrine cells are GAD-67 immunonegative (blue 

arrows). Abbreviations as in figure 4.4. Scale bar, 15 µm 
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4.3.7. AGB permeation after NMDA activation in human retina 

 
NMDA (1mM) activation of the human retina led to exclusive labelling of the inner 

retina with strong signal on amacrine and ganglion cells and strong labelling of the 

IPL and  NFL (Fig. 4.8 A, D, G and J).  Many calretinin cells in the INL and GCL 

colocalized with AGB (Fig 4.8A-C arrowhead).  After NMDA activation, AGB and 

calretinin colocalized in a low number of amacrine cells (patient 1: 29± 23%; patient 

2: 19± 7% and patient 3: 38± 14%; Fig. 4.9).  Figure 4.8 D-F shows the absence of 

colocalization in most of the calbindin positive amacrine cells. Although AGB 

labelling in the INL after NMDA activation (Fig. 4.8 D-F) was more intense than in 

basal conditions the number of calbindin cells colocalizing with AGB was similar to 

basal (Fig. 4.9).  

 

PV positive horizontal cells had no expression of functional NMDA receptors (Fig. 

4.8 G-I).  Furthermore, PV positive amacrine cells were too weakly labelled as to 

recognize colocalization with AGB.  However, we observed colocalization to a non-

identified sub-set of PV immunoreactive ganglion cells (Fig. 4.8 G-I arrow).  

 

Islet-1 labelled bipolar cells that did not contain AGB secondary to NMDA activation 

(Fig. 4.8J-L).  However, it is expected that islet-1 also labels cholinergic amacrine 

cells and colocalization between AGB and islet-1 positive cell is seen in the GCL 

(Fig. 4.8J-L, arrow).   
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Figure 4.8. Confocal fluorescence micrographs of vertical frozen sections through 

human retina activated with 1mM NMDA. Retinal sections were double labelled with 

AGB (green) and cell markers (red). (A, D, G, J) The images reveal AGB labelling 

confined to amacrine cells (arrowheads) and cells in the GCL (arrows). (A-C) AGB 

(arrowhead) colocalizes with CR positive amacrine cells. (D-F) CB positive cells do 

not colocalize with AGB after NMDA activation (blue arrows). (G-I) Colocalization 

is observed between PV positive cells in the GCL and AGB (arrow). (J-L) Virtually 

no AGB positive cell colocalize with islet-1 except in the GCL. Abbreviations are as 

in Figure 4.4. Scale bar, 20 µm. 
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Figure 4.9. Quantification of the percentage of colocalization of cell markers with 

AGB for (A) patient 1, (B) patient 2, (C) patient 3. The graphs show the percentage of 

colocalization in horizontal cells (HC), amacrine cells (AC) and bipolar cells (BC) 

labelled with PV, CR, CB and islet-1 in each mid-peripheral retinal sample. AGB 

positive horizontal cells in patient 1 were not counted (indicated with #). 

Abbreviations are as in figure 4.4. 
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4.4. Discussion 

 
A major goal of the present study was to set up a reference of the functional activation 

pattern of ionotropic receptors in aged peripheral retina for subsequent human 

retinopathies studies.  The pre-equatorial human retina is the site of prevalent diseases 

such as retinal detachment especially in the elderly (Sasaki et al., 1995; Tornqvist and 

Ehinger, 1988).  Therefore, we conducted experiments in the mid-peripheral retina 

using freshly collected human samples for demonstrating cation channel permeability 

in the glutamatergic pathway.  The mid peripheral human retina differs in the amount 

of activation obtained in posterior pole in the rabbit, rat, baboon and mouse (Acosta et 

al., 2007; Kalloniatis et al., 2004; Marc, 1999a; b; Marc et al., 2007; Marc et al., 

2005; Sun and Kalloniatis, 2006) .  Therefore, AGB has acquired an important value 

in investigating physiological properties of neurons post activation of ionotropic 

glutamate receptors in the vertebrate retina.  Any retinal disease, irrespective of its 

major etiological feature, may affect the glutamatergic pathway and now we have a 

reference for the functional activation pattern for aged mid-peripheral retina.  A 

second major finding in this study was the consistent absence or presence of 

functional glutamate receptors in selected cell populations.  The glial labelling pattern 

was as per previous descriptions (Madigan et al., 1994), indicating that age does not 

lead to regional differences in GS or GFAP reactivity.  

 

4.4.1. Horizontal cells express functional KA and AMPA receptors but no 
NMDA receptors 

 
A small calcium binding protein, PV, is classically reported to stain both H1 and H2 

horizontal cells in primates (Röhrenbeck et al., 1987).  In the human retina, an 

additional horizontal cell type, namely H3, has been sub-classified from the H1 type 

based on its connectivity and soma size (Kolb et al., 1992).  Although its existence 

has become a matter of controversy, it is believed that parvalbumin also labels H3 

(Röhrenbeck et al., 1989).  Therefore, it is unlikely that parvalbumin recognizes a 

specific horizontal cell population (Picaud et al., 1998).  There has been some 

conflicting data derived from anatomical and physiological studies regarding the use 

of one or more functional types of glutamate receptor by horizontal cells.  Picaud and 
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co-workers (1998) demonstrated AMPA and KA activation in human horizontal cells.  

In an electrophysiological study of human horizontal cells Shen et al. (2004) 

identified that 20 µM kainate is selective for kainate receptors.  In fact, we observed 

expression of functional AMPA and KA receptors on a few calbindin positive H2 

cells (Fig 5D-F, 6D-F). Haverkamp and colleagues (2001a) demonstrated horizontal 

cell specific expression of glutamate receptor subunits where the KA receptor 

subunits GluR6/7 were detected in H1, and there was no expression on H2 horizontal 

cells. However, AMPA receptor subunits were localized to H1 and H2 cells 

(Haverkamp et al., 2001b). Glutamate gated ion channels are formed by a large 

number of potential combinations of the various subunits (Dingledine et al., 1999). 

This diversity underlies the differences encountered between subunit expression 

studies and functional properties of the channel. Our functional studies demonstrated 

the existence of  KA and AMPA functional receptors on H2 cells which are probably  

formed by subunits other than GluR6/7 yet involving GluR2 and GluR4 subunits 

(Haverkamp et al., 2001a; b). 

   

We did not find evidence of functional NMDA receptors on horizontal cells in mid-

peripheral human retina.  Such observation goes in line with the findings of 

Kalloniatis et al. (2004) also using AGB probing and NMDA subunits 

immunocytochemical distribution in the rabbit retina.  We did identify the expression 

of KA and AMPA receptors in PV positive horizontal cells. This finding confirms the 

electrophysiological study by Shen et al. (2004) who reported that synaptic input into 

human horizontal cells may be mediated via both KA and AMPA channels and not 

NMDA. 

 

4.4.2. AGB probing in human bipolar cells 

 
We employed islet-1 as a marker of ON rod and cone bipolar cells and calbindin to 

label OFF cone (DB3) bipolar cells.  ON bipolar cells did not have NMDA receptors 

and likewise, expression of functional non-NMDA receptors was minimal in these 

depolarizing cells. Conversely, AGB labelling after KA/AMPA activation in 

calbindin positive cells in the INL manifest expression in DB3 OFF bipolar cells and 

amacrine cells. Furthermore, these patterns could also be inferred in other OFF 
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bipolar cells by the presence of AGB labelling after KA activation in the topology 

suggestive of putative OFF bipolar cell and by the lack of colocalization between 

islet-1 or Go-α and AGB labelled bipolar cells post KA activation. This observation 

should be confirmed by colocalization with other OFF bipolar cell markers.  

 

4.4.3. DB3 OFF bipolar cells express KA receptors in the human retina  

 
AGB permeation secondary to KA activation was observed in calbindin positive DB3 

OFF bipolar cells. Similar findings were observed in central retina in our study of the 

mouse retina (Acosta et al., 2007). We were not able to quantify the proportion of 

activated bipolar cells among all calbindin labelled cells in the INL. Nevertheless, Qin 

and Pourcho (2001) immunocytochemically localized KA receptor subunits to OFF 

center cone bipolar cells in feline retina. The fact that only a few OFF bipolar cells 

had functional KA receptors can be explained by variable expression of receptor 

subunits with increased activation threshold. AGB permeation would have the same 

threshold responses to those found in electrophysiological and pharmacological 

studies (Marc 1999a; b). Alternatively, some bipolar cell receptors could be 

impermeable to AGB.  

 

4.4.4. Human AII amacrine cells express AMPA receptors but not NMDA 
receptors 

 
In the primate peripheral retina essentially all calretinin labelled cells in the INL are 

AII amacrine cells (Mills and Massey, 1999).  We found that 30 µM AMPA activated 

almost all the calretinin positive AII amacrine cells what indicates functional AMPA 

receptors. This finding is consistent with the description in primates of AMPA 

receptor subunits (GluR2/3 and GluR4) associated with the arboreal dendrites of AII 

amacrine cells (Ghosh et al., 2001) and localization of AMPA receptors in amacrine 

cells postsynaptic to flat midget bipolar cell dyad, one of which is the AII amacrine 

cell (Grünert, 1997). In addition, in AII amacrine cells contacting with rod bipolar 

cells there is expression of AMPA subunits. Functional KA receptors were observed 

in some of the calretinin labelled amacrine cells.  
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Our results were not conclusive in terms of NMDA receptor expression on AII 

amacrine cells as basal activation driven by endogenous drive was similar to the 

values found for NMDA. However, immunocytochemical analysis of rat and feline 

AII cells were described as devoid of NMDA receptor subunits (Fletcher et al., 2000; 

Goebel et al., 1998). Nevertheless, NMDA expression in AII amacrine cells is a 

controversial point in electrophysiological studies of the rat retina (Boos et al., 1993; 

Hartveit and Veruki, 1997). It could also be that some of the INL cells expressing 

functional NMDA receptors in our study may correspond to the A17 amacrine cells 

which have been shown to express NMDA receptor subunit R2A in the rod-dominant 

feline retina (Goebel et al., 1998). 

 

Important and prevalent retinal diseases such as rhegmatogenous retinal detachment 

occur mainly in the pre-equatorial retina and commonly affect the elderly. 

Furthermore, age-related functional changes may also have important implications in 

the decline in contrast, scotopic and motion sensitivities found in aged patients in the 

absence of obvious eye disease (Jackson et al., 2002; Sloane et al., 1988). In general, 

most of the remodelling found in the aged human and mouse retinae (Eliasieh et al., 

2007; Liets et al., 2006; Terzibasi et al., 2009) is more noticeable in the retinal 

periphery (Eliasieh et al., 2007). Consequently, subtle changes in the aged peripheral 

retinal functionality may account for serious visual field changes in retinopathies. 
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Chapter 5:  Functional and 
Anatomical Remodelling in Human 
Retinal Detachment 
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5.1. Introduction 
 
Retinal degenerative pathologies are among the leading causes of blindness 

worldwide (Congdon et al., 2004; Hartong et al., 2006; Limburg et al., 2008). Many 

of these retinopathies have in common the loss of photoreceptors as initiating event 

for the degenerative repercussion to the inner retina. However, we hypothesize that 

different aetiologies of retinal degenerative conditions with discrepant underlying 

pathophysiological mechanisms may share common remodelling features. Therefore, 

apart from specifically analyzing the anatomo-functional changes in rhegmatogenous 

retinal detachment, we also aim to investigate the remodelling features of a sample of 

radiation retinopathy. 

 

Remodelling in rhegmatogenous retinal detachment 

 

The separation of the sensory retina from the underlying retinal pigmented epithelium 

(RPE) deprives the outer retina of nutrients with disruptive metabolic and 

neurochemical consequences for the entire retina. Following retinal detachment, the 

outer retina becomes hypoxic (Mervin et al., 1999), photoreceptors become stressed and 

some die by apoptosis (Cook et al., 1995). This is followed by  a programmed 

deconstruction of the surviving photoreceptor cells (Mervin et al., 1999). Although 

initially no massive loss of photoreceptors occurs in retinal detachment, substantial 

deafferentation induces stereotyped remodelling of the inner retina. Therefore, in this 

study we want to investigate the extent of remodelling found in primary cases of retinal 

detachment of variable duration and the consequences of the hypoxic insult on the 

glutamatergic pathway. 

 

Inner retina anatomical remodelling is observed in retinal detachment and other forms 

of acquired and inherited retinal degeneration (Fariss et al., 2000; Gargini et al., 2007; 

Nagar et al., 2009); however only for retinal detachment there are feasible interventional 

strategies.  Reattachment of the neurosensory retina halts and partially reverts the 

remodelling process (Lewis et al., 2002b; Liem et al., 1994; Salicone et al., 2006). In 

fact, restoration of the choriocapillaris blood supply to the outer retina via re-connection 

of surviving rods and cones with microvilli of the RPE stimulates the re-growth of outer 

segments and apparent recovery of retinal morphology (Lewis and Fisher, 2003). 
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However, surgical re-attachment of the retina is insufficient to repair those specific long 

lasting remodelling events that, associated with photoreceptor cell death, prevent 

complete functional recovery (Fisher and Lewis, 2003; Lewis and Fisher, 2003).  In 

retinal detachment there are promising perspectives for surgical adjuvant therapies 

including the use of a molecular target that prevents rod terminal retraction (Fontainhas 

and Townes-Anderson, 2011) and pre-surgical use of hyperoxia in reducing Müller cells 

proliferation and photoreceptor cell death (Lewis et al., 1999b; Mervin et al., 1999; 

Sakai et al., 2001).  Yet to be identified is the functional and neurochemical remodelling 

that could be therapeutically targeted in the detached human retina. 

 

Persistent neurochemical and functional changes in retinal detachment particularly 

applies to rhegmatogenous retinal detachment (RRD), which stands out as the most 

common indication for retinal surgery and a major cause of legal blindness.  This 

condition is caused by the development of a full-thickness retinal break and subsequent 

accumulation of vitreous fluid into the sub-retinal space.  In this type of retinal 

detachment, increased levels of glutamate found in the vitreous of human patients 

(Diederen et al., 2006), reflect its primary elevation in the detached retina.  Therefore, a 

disruption in the glutamatergic drive can also be inferred.  Sherry and Townes-

Anderson (2000) demonstrated a massive efflux of glutamate and associated disruption 

of the glutamate metabolism in an experimental model of acute retinal detachment.  

However, alterations in the functional characteristics of glutamate receptors remain to 

be characterized in retinal detachment.  

 

In other models of retinal degeneration (Chua et al., 2009; Marc et al., 2007; Sun et al., 

2007a; Sun et al., 2007b), unregulated glutamate levels may cause alterations in the 

functional properties of glutamate receptors.  This is because ionotropic glutamate 

receptors are thought to play a special role in neuronal degeneration in the retina, 

particularly NMDA receptors due to their high permeability to Ca2+. In addition, α-

amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA) and kainate (KA) 

receptors seem to play a pivotal role in triggering the apoptosis process subsequent to a 

hypoxic insult (Romano et al., 1998).  In addition, these ionotropic receptors are 

expressed at the first synaptic contact with bipolar cells and changes in their 

functionality reflect alterations of the glutamatergic drive.  Incomplete vision recovery 
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in reattached retinas may also be due to persisting changes in the functionality of the 

glutamatergic receptors.  

 

In this thesis we provide an integrated anatomical and functional study in primary cases 

of human rhegmatogenous retinal detachment to characterize the underlying 

pathophysiology.  We investigated anatomical changes and the expression of functional 

glutamate receptors using agmatine (AGB: 1-amino-4-guanidobutane) gating. AGB is a 

guanidinium analogue, an organic cation that permeates endogenous or exogenously 

activated ionotropic glutamate receptors (Edwards and Michel, 2002; Kalloniatis et al., 

2004; Marc, 1999a; b; Marc et al., 2003; Sun et al., 2007a; Sun and Kalloniatis, 2006; 

Sun et al., 2003; Yoshikami, 1981). AGB mapping with neurochemically identified cell 

populations provides the advantage of characterizing functional glutamatergic drive 

associated with anatomical remodelling.  

 

Amino acids distribution in radiation retinopathy 

 

Amino acids possess neuroactive properties in the vertebrate retina (Crooks and Kolb, 

1992; Davanger et al., 1991; Kalloniatis and Tomisich, 1999). Apart from 

neurotransmission and neuromodulation, amino acids subserve as neurotrophic factors 

(Leslie, 1993), and regulate progenital cell proliferation at early stages of retinal 

development (Martins and Pearson, 2008). Several non-essential amino acids control 

neuronal outgrowth and survival, and interfere with synaptic plasticity in the central 

nervous system (Collingridge and Singer, 1990).  

 
Important changes in retinal circuitry typically involve glutamate neurotransmitter 

distribution (Sun et al., 2007b). The localization of other amino acids 

neurotransmitters are also commonly altered after ischemic insult to the retina 

(Barnett and Osborne, 1995; Osborne et al., 2004); retinal detachment (Marc et al., 

1998a); retinal phototoxicity (Marc et al., 2008) and inherited forms of retinal 

degeneration (Acosta et al., 2005a; Fletcher and Kalloniatis, 1996). Accordingly, 

radiation retinopathy has been a poorly explored model of retinal insult.. 

 
Radiation  retinopathy (RR) is a form of ischemic retinopathy that occurs in reaction 

to injury of the endothelium of the retinal arterial bed (Naumann, 2008). This 
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retinopathy is induced by ionizing radiation, which is used for treatment of ocular 

(choroidal melanoma), orbital and periorbital malignant disease and typically shows a 

delayed onset after irradiation. RR is a common finding after plaque radiotherapy for 

choroidal melanoma occurring in 42% of patients at 5 years (Gündüz et al., 1999). 

Considering that the life-span of retinal capillary endothelial cells is approximately 3 

years, the incapacity of endothelial cells to replicate after ionizing radiation peaks in 

cumulative damage in 3 years (Naumann, 2008). The pathogical hallmark of RR 

seems to be the retinal endothelial changes resulting in occlusive vascular disease. 

Human clinicopathological findings of RR include microaneurysms, fusiform 

vascular dilations, vascular occlusions, retinal or disc neovascularisation, vitreous 

haemorrhages and retinal detachment (Gündüz et al., 1999; Hayreh, 1970; Noble and 

Kupersmith, 1984). The preferential loss of endothelial cells in RR contrasts it from 

diabetic retinopathy in which perycite loss predominates (Archer and Gardiner, 1994).  

In addition, we investigated the neurochemical remodelling findings observed in one 

eye affected by radiation retinopathy. 

Despite the different pathophysiological mechanism compared with RRD, we were able 

to document the redistribution of neuroactive amino acids confirming the metabolic 

disturbance in the glio-neuronal interactions after radiation insult to retina. 

   

5.2. Materials and methods 

5.2.1. Human normal and detached retinas 

 

5.2.1.1. Acquisition of human normal and rhegmatogenous retina 

Human normal retina and retinal detachment biopsy samples were collected and 

informed consent obtained in accordance with the tenets of the Declaration of Helsinki 

and approved by the Institutional Human Ethics Review Committee Board of the 

University of Auckland and Auckland District Health Board.  As control retina we used 

a mid-peripheral retinal sample from a 70 year-old donor patient whose eye was 

enucleated due to uveal melanoma (table 3.1, chapter 3). Retinal detachment samples 

were obtained during vitreo-retinal surgery (vitrectomies) for repair of rhegmatogenous 

retinal detachment Patient demographics, table 3.2, chapter 3).  
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5.2.1.2. Functional activation 

Optimum conditions for allowing functional studies were met by collecting samples in 

chilled saline solution and processing samples for AGB incubation within 30 minutes 

after surgical removal.  The AGB incubation experiments were conducted with the use 

of a modified brain physiological buffer as previously reported (Edwards et al., 1989; 

Sun and Kalloniatis, 2006).  The buffer contained 100 mM NaCl, 2.5 mM KCl, 26 mM 

NaHCO3, 1.25 mM NaH2PO4, 10mM dextrose, 2 mM CaCl2, 1 mM MgCl2 (pH 7.4) and 

was warmed up to 37oC. An equimolar concentration of NaCl was deducted when AGB 

was added to the incubation medium.  Each segment of detached retina was incubated in 

the physiological medium containing either AGB (25 mM) alone or AGB  (25 mM) 

with the glutamate ionotropic receptors agonist kainic acid (Chua et al., 2009; Marc, 

1999a; Sun and Kalloniatis, 2006).  This pharmacological agent was added at the 

concentration that achieved near maximal activation (sub-saturation levels) of ganglion 

and amacrine cells in the adult mouse retina: 50 µM KA (Chua et al., 2009; Marc, 

1999a; b; Sun and Kalloniatis, 2006).  The tissues were incubated in the modified 

physiological medium for 5 minutes (Marc et al., 2005) before fixation.  The incubation 

medium was bubbled in 95%O2/5%CO2 for at least 1 hour before addition of the 

glutamate agonist.   

 

Retinal incubation in the absence of an exogenous ligand is referred to as basal 

incubation (Kalloniatis et al., 2004; Marc, 1999a; b; Sun and Kalloniatis, 2006). Basal 

AGB labelling was observed after 5 minute incubation. The AGB incubation procedure 

allows the assessment of cation channel permeability and the integrity of retinal cells 

(Marc, 1999a).  In order to confirm that these changes were not associated with 

hypoxic/ischaemic damage that may develop during sample transportation, AGB 

incubation samples were labelled with glutamate (Fig. 2A-B) and γ-aminobutyric acid 

(GABA; Fig. 2C-D), amino acids that are accumulated in Müller cells after 

development of post-mortem ischemia or secondary to a metabolic insult (Bui et al., 

2003; Napper and Kalloniatis, 1999; Pow and Crook, 1994).  GABA or glutamate 

labelling in the detached samples was not observed in Müller cells indicating that tissue 

integrity was maintained during the transportation process and subsequent incubation in 

the laboratory.  
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5.2.1.3. Tissue processing and Immunocytochemistry 

Tissue processing and immunocytochemical procedures were described in details in 

chapter 3. Likewise, detailed information pertinent to primary antibodies used in this 

thesis is provided in Table 3.4 (chapter 3).   

 

5.2.1.4. Histology 

Staining with toluidine blue and phosphotungstic acid-haematoxylin (PTAH) was 

performed as reported elsewhere (Clark and Powers, 1976; Fischer et al., 1998).  In 

brief, sections were stained in a toluidine blue working solution (pH 2.5) for 3 minutes 

followed by a wash in distilled water.  A very quick dehydration step was performed 

with 95% alcohol and subsequent clearing with 2 changes of xylene.  The sections were 

then cover slipped in resinous mounting medium. For PTAH staining, sections were 

hydrated in distilled water and then fixed in Zenker’s fixative for 5 minutes followed by 

a wash in tap water.  The slides were immersed in Lugol’s iodine for 5 minutes and 

subsequently washed in tap water for 10 minutes.  For visualization of glial fibers, 

slides were partially bleached out in 95% alcohol and a subsequent bleaching in 5% 

oxalic acid with periodic washes.  The sections were then stained overnight in a PTAH 

solution and as final step they were quickly dehydrated in 95% alcohol with 2 changes 

of xylene before being mounted and cover slipped.  

5.2.1.5. Cell death analysis 

We analyzed the retinal specimens for the presence of signs of apoptosis using a 

terminal deoxynucleotidyl transferase mediated fluorescein-dUTP nick-end labelling 

(TUNEL) technique (In Situ Cell Death Detection Kit from Roche Applied Science, 

Penzberg, Germany).  TUNEL reaction detects DNA breaks at a single cell level in 

histological specimens.  In three retinal detachment samples the number of TUNEL 

positive cells was counted in at least 3 areas of 300µm in length.  Values were 

expressed as TUNEL+ cells per mm of retina.  Values were plotted together with 

previous TUNEL values on retinal detachment amples obtained from Arroyo et al. 

(2005b).  
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5.2.1.6. Retinal measurements 

To assess changes in retinal thickness we measured: i) total retinal thickness (TRT) 

from outer segments to nerve fiber layer, ii) the outer nuclear layer (ONL) thickness and 

iii) the thickness of ONL together with photoreceptors outer and inner segments 

(OS/IS).  The measurements were performed in 5 different areas of vertical sections 

from the 3 retinal detachment samples and in 1 control retina.  Values were plotted as a 

percentage of total retinal thickness for each sample.  Inner retina thickness was the 

percentage difference between total thickness minus ONL and OS/IS. 

 

5.2.1.7. Image acquisition  

We acquired fluorescent images using a confocal scanning module mounted on a 

fluorescence microscope Olympus FV1000 confocal microscope (Olympus, Tokyo, 

Japan).  High resolution scanning was performed using 40X or a 60X oil objective Plan-

Apochromat lens.  For signal acquisition from double-labelled sections, we performed 

consecutive single laser scanning to avoid spectral bleed through.  Scans were collected 

in a z-axis sequence with a step size between 0.5 to 1µm per frame visualized in a 

monitor with 1024 X 1024 pixels resolution.  In all figures, the final images correspond 

to the maximal intensity projection of a 12µm stack of scans from a retinal area 

representative of the labelling found.  The brightness and contrast of final figures were 

adjusted equally by using Adobe Photoshop (Adobe Systems, Mountain View, CA). 

5.2.1.8. Quantification of functional activation 

For each of the three RRD specimens counting was performed in four different retinal 

areas imaged with the confocal microscope.  Quantification was conducted in areas 250 

µm long, excluding areas of retinal folding or areas that looked like mechanically 

damaged tissue (Marc, 1999a).  Cells containing AGB are indicative of functional open 

KA activated channels, or constitutively open channels when there is no agonist in the 

physiological medium.  To determine the proportion of open cationic channels in basal 

and KA conditions, we counted the number of cells labelled with AGB colocalizing 

with cell markers.  Quantification values were expressed as a percentage: number of 

AGB colocalizing with the macromolecular marker over the total number of 

macromolecular marker labelled cells per unit area.  Cell markers were counted in the 
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inner nuclear layer (INL) and ganglion cell layer (GCL), and in the particular case of the 

parvalbumin labelled population we were able to discern horizontal cells (HC).  For 

quantification of AGB positive cells, neurons had to meet the criteria of distinct soma 

labelling above background level irrespective of the labelling intensity (weak or strong 

labelling), similar to that employed in previous studies (Acosta et al., 2007; Chua et al., 

2009; Sun and Kalloniatis, 2006).  In some images the identification of immunoreactive 

cells was facilitated by the use of DAPI as counter staining for cell nuclei (Mills and 

Massey, 1999).  

 

We made no presumption concerning the ligand-evoked response of any particular cell 

type (e.g., large and small, weak and strong immunoreactive cells above background 

levels were counted).  We have consistently used the AGB labelling method in rat and 

mouse retina to obtain excitation mapping in mammalian retinae (Acosta et al., 2007; 

Chua et al., 2009; Kalloniatis et al., 2004; Kalloniatis et al., 2002; Marc et al., 1995; 

Marc, 1999a; b; Sun and Kalloniatis, 2006), and studies on diseased human and 

primates have also been undertaken (Marc et al., 2007). We have therefore a very large 

database for reference when characterizing AGB labelling in normal and diseased 

retinae.  Ionotropic receptor activation observed in our three RRD samples very likely 

represents true AGB permeation anormalities.  Marc et al. (Marc et al., 2007)have 

shown that after a sequence of 350 successes (i.e., AGB labelling in retinal tissue), the 

probability of an aberrant result is below 10-100, thus any differences we observe in the 

RRD tissue very likely reflects true physiological changes. 

5.2.2. Retinal sample of radiation retinopathy 

 

5.2.2.1. Acquisition of retinal sample 

Retinal sample was acquired after enucleation from a donor whose left eye had 

undergone a session of brachytherapy treatment in the previous 10 years. Prior to 

enucleation the Caucasian male donor aged 51 years old reported vision of light 

perception in the affected eye. The pre-operative ophthalmological examination of the 

diseased eye revealed no iris neovascularisation and a moderate lens opacification. 

Other aspects of the anterior segment examination were normal. Examination of the 
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ocular fundus was prevented by the cataract and also by extensive vitreous 

haemorrhage confirmed by ultra-sonography assessment.  

 

5.2.2.2 Fixation and Immunocytochemical procedures 

After enucleation, dissection of the retina in segments and incubation were performed 

as characterized in chapter 3. The postembedding immunocytochemical procedure 

used in this thesis has been described elsewhere (Marc et al. 1990, 1995; Kalloniatis 

and Fletcher, 1993; Sun et al., 2003, 2007) and was likewise described in chapter 3.  

 

5.2.2.3. Image acquisition 

Images were viewed on a Leica DMR light microscope (Leica Microsystems Ltd, 

Heerbrugg, Germany) and captured by a Nikon DS-5Mc digital camera attachment. 

Images were acquired in 8-bit format under fixed camera image gain and gamma. 

Images were captured at either 40x- or 60x-magnification using a plan-apochromatic 

oil immersion lens, producing an image of 1928 x 1450 pixels in dimension and 

resolution of 1300 dpi (TIFF format). The final figures were prepared by Adobe 

Photoshop (version 7.0; Adobe Systems, Mountain View, CA). 

 
 
5.3. Results 
 
The primary goal of this study was to evaluate anatomical and functional modifications 

in the human RRD samples.  The retinal specimens were used for morphological and 

cell death analysis, assessment of retinal cellular remodelling and AGB cation channel 

probing. In addition, we analysed the distribution of neuroactive amino acids in normal 

retina and in a sample of radiation retinopathy. 

 

5.3.1. Anatomical and neurochemical analysis of the detached retina  

Vertical sections stained with toluidine blue (Fig. 5.1A-B) and PTAH (Fig. 5.1C-D) 

revealed anatomical differences between control and RRD specimens.  Control retina is 

anatomically normal. Although the RRD images correspond to the 1-month-old retinal 
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detachment, they represent the retinal topographical appearance of the three detachment 

samples. Toluidine blue in the normal retina revealed dark blue labelling, corresponding 

to Nissl bodies in the outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion 

cell layer (GCL).  Cone photoreceptor inner segments were also dark blue labelled (Fig. 

5.1A, arrowheads) and identified above the plane of the outer limiting membrane 

(OLM).  In retinal detachment, toluidine blue was absent in areas of the ONL, 

suggesting that hypertrophied projections from Müller cells were dismantling the 

topographical arrangement of photoreceptor nuclei and also that photoreceptors were 

dying (Fig. 5.1B, arrows). In the RRD samples, the outer segment of photoreceptors 

was degenerated (Fig.5.1B, arrowheads).  Comparison of control and RRD samples 

stained with toluidine blue revealed increased staining with the cationic dye suggesting 

increased expression of negatively charged molecules in the RRD retinal sample. 

 

PTAH shows affinity for glial structures and neurofilaments as was seen in normal 

retina (Fig.5. 1C, arrows), and in the RRD sample depicts the intense gliotic response of 

Müller cells (Fig. 5.1D, arrows).  The counterstaining hematoxylin revealed intense 

neuronal nuclei compared with control retina, which may suggest increased expression 

of basophilic molecules carrying acidic groups.  In addition an increase in basophilic 

molecules was seen in Müller cell projections (Fig. 5.1D, arrowheads). 
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Figure 5.1. Bright-field micrographs of vertical sections of control and RRD specimens. 

(A) Toluidine blue shows dark blue labelling of nuclei present in the outer nuclear layer, 

inner nuclear layer and ganglion cell layer in the normal retina. (B) In RRD, 

hypertrophied projections derived from Müller cells interrupted the topographical 

arrangement of toluidine blue stained neuronal cells (arrows). (C) PTAH shows affinity 

for glial structures and neurofilaments as seen in normal retina (arrows). (D) Shows the 

intense gliotic response in RRD (arrows). Furthermore, an increase in basophilic 

molecules was seen in Müller cell projections (arrowheads). Abbreviations: RRD, 

rhegmatogenous retinal detachment; PTAH, phosphotungstic acid haematoxylin; GFAP, 

glial fibrillary acidic protein; OLM, outer limiting membrane; ONL, outer nuclear layer; 

OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer; NFL, nerve fiber layer. Scale bar, 20 µm. 
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5.3.2. Immunolabelling of glial cell markers and reactive gliosis indicators  

 
Glial fibrillary acidic protein (GFAP), a cytoskeletal intermediate filament, is an 

established and reliable marker for retinal injury (De Raad et al., 1996; Eisenfeld et al., 

1984; Ekström et al., 1988; Lewis and Fisher, 2003). In a normal retina, Müller cells 

express GFAP only in the NFL. In the control samples we observed GFAP 

immunoreactivity localized in the astrocytes at the level of GCL and nerve fiber layer 

(NFL; Fig. 5.2A, arrows) and was absent in the Müller cell somata.  An aberrant 

expression of GFAP is seen in Müller cells from RRD retina indicating a nonspecific 

gliotic response to the retinal insult (Amin et al., 1997; Erickson et al., 1987; Pannicke 

et al., 2005; Xue et al., 2006b). In the RRD specimens, a dramatic up-regulation of 

GFAP was manifested in the Müller cells hypertrophic processes extending from their 

endfeet at the level of NFL to the OLM (Fig. 5.2B, arrows). 

 

Nestin, another intermediate filament protein, is expressed by differentiating as well as 

early differentiated Müller cells (Xue et al., 2006a). Adult extreme peripheral human 

retina have been shown to present nestin positive cells (Mayer et al., 2003).  

Additionally, evidence has demonstrated that acute retinal injury promotes expression 

and upregulation of nestin in Müller cells coupled  to that of GFAP (Xue et al., 2006b). 

In the control retinae, some nestin immunopositive cells (Fig. 1C, arrows) associated 

with filamentous processes (Fig. 1C, arrowheads) in the inner retina in a radial 

configuration were observed. NFL was also nestin immunoreactive. In RRD specimens, 

nestin presented a staining pattern similar to that of GFAP, with up-regulated expression 

in Müller cells processes spanning throughout all retinal layers (Fig. 1D, arrows). 

 

Class III β-Tubulin isotype, a cytoskeletal protein, is widely used as neuronal marker in 

the central nervous system. In the adult mouse retina it has been reported as a marker 

for ganglion cells and their processes in the IPL (Robinson and Madison, 2004). In the 

control retinae we observed strong β-III tubulin immunoreactivity in the NFL and a 

faint labelling of ganglion and amacrine cells (Fig. 5.2E). In detached retina extensive 

labelling was noted throughout the retina including the cell somata of all three neuronal 

orders, but more intensely observed in the outer retina (Fig. 5.2F).  
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Glutamine synthetase (GS) is a Müller cell-specific enzyme which is normally 

associated with neurotransmitter recycling and ammonia detoxification (Linser and 

Moscona, 1979; Pow and Robinson, 1994). In feline models of RRD GS expression has 

been found decreased (Lewis et al., 1989). In the normal retina (G) we observed GS 

labelling in all Müller cells throughout their extension, from the distal processes to their 

endfeet. The immunoreactivity was overall preserved in the RRD specimens (especially 

in the 2-week-old sample).    
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Figure 5.2. Confocal micrographs of vertical sections of control and RRD retinal 

specimens. (A) GFAP immunoreactivity is localized in the astrocytes at the level of 

GCL and nerve fiber layer (arrows) and Müller cells endfeet. (B) In the RRD 

specimens, a significant upregulation of GFAP is manifested in the Müller cells 

hypertrophic processes extending from the proximal retina at the level of NFL to the 

outer limiting membrane (arrows). (C) Nestin positive cells (arrow) associated with 

filamentous processes, (arrowheads) in the inner retina. NFL is also nestin 

immunoreactive. (D) In RRD specimens, nestin presents a staining pattern identical to 

that of GFAP, with upregulated expression in Müller cells processes spanning 

throughout all retinal layers (arrows). (E) β -III tubulin strong immunolabelling is found 

in the NFL, and to a less intensity in ganglion and amacrine cells, whereas in RRD (F) 

all layers are labelled with this marker. (G) GS normally labels all Müller cell somata 

and endfeet as well as their distal processes. In RRD an overall preserved GS 

immunolabelling is noted. Abbreviations as in Fig. 5.1. Scale bar: 20 µm. 
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5.3.3. Immunocytochemical labelling of GAP-43 and Neurofilament-200 

 
Growth associated protein 43 (GAP-43) is related with synapse formation and it 

shows a specific expression pattern in the mature retina. In other regions of the central 

nervous system GAP-43 is downregulated subsequently to synapse formation but 

remains expressed in areas that are believed to retain potential plasticity (Benowitz 

and Perrone-Bizzozero, 1991; Coblentz et al., 2003; Kapfhammer et al., 1994; 

Strittmatter et al., 1992). Accordingly, GAP-43 re-expression and up-regulation have 

been documented in horizontal and ganglion cells in feline retinal detachment models 

(Coblentz et al., 2003; Linberg et al., 2006). In the normal retina we observed GAP-

43 immunolabelling predominatly confined to 3 bands of the IPL (Fig. 5.3B-C), 

although faint labelling was seen in some ganglion and amacrine cells (data not 

shown). However, in the primary RRD specimens GAP-43 was aberrantly expressed 

spanning throughout the retina. The aberrant GAP-43 immunolabelled processes 

followed the path presented by the hypertrophied Müller cells projections (Fig. 5.3 E-

F) both towards the outer retina (arrows) and proximally disrupting the inner limiting 

membrane (arrowheads).     

 

Neurofilament-200 (NF-200) is one of the predominant intermediate filaments in 

mature neurons (Ruiz-Ederra et al., 2004). In control retinae the immunolabelling of 

this neurocytoskeletal component was mainly observed in the axons of the NFL and 

in the IPL. However, in detached retina samples, NF-200 immunoreactive processes 

colocalized to GAP-43 extending throughout the retina (Fig. 5.3D and F, arrows and 

arrowhead) in a process that appears to be “pari passu” with the reactive gliosis.  
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Figure 5.3 Confocal micrographs of frozen vertical sections through human retina 

labelled with NF-200 and GAP-43 in human normal retina (A-C) and RRD (2 weeks 

old, D-F). (A) displays the immunoreactivity of NF-200 limited to IPL and to axons at 

the NFL, whereas (B) shows GAP-43 localized to 3 alternate bands of the IPL. (C) No 

obvious colocalization is noted in the IPL of the normal retina. In the detached retina, 

both NF-200 and GAP-43 labelled processes can be seen in colocalization throughout 

the retina. Abbreviations as in Fig. 5.1. Scale bar: 20 µm. 
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5.3.4. Neurotransmitter expression in RRD 

To determine the neurochemical state of the retina, we labelled for glutamate and 

GABA in control and RRD samples. Figure 5.4 shows vertical retinal sections of 

control and a 2-week-old RRD specimen labelled with glutamate (Fig. 5.4A-B) and 

GABA (Fig. 5.4C-D). Increased immunoreactivity of these two amino acids within 

Müller cells have been described as evidence of post-mortem ischemia or secondary to 

metabolic insult (Bui et al., 2003; Kobayashi et al., 1999; Napper and Kalloniatis, 1999; 

Napper et al., 1999; Perlman et al., 1996; Pow and Crook, 1994). There were changes in 

the pattern of glutamate and GABA expression; however, the absence of GABA and 

glutamate labelling to Müller cells is strong indication that the neurochemistry of the 

tissue has not been compromised by the hypoxic insult.  This pattern was observed in all 

RRD and control samples. 
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Figure 5.4. Confocal micrographs showing glutamate and GABA amino acids 

immunolabelling in normal and detached retina. (A) Normal immunocytochemical 

distribution of glutamate. (B) Abnormal pattern of glutamate labelling in the detached 

retina but is not observed in Müller cells. (C) GABA labelling is observed in amacrine 

and ganglion cells. (D) Shows diminished GABA labelling in the retinal detachment 

sample with no labelling of Müller cells. Scale bar, 15 µm. 
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5.3.5. Rate of apoptotic death in RRD 

TUNEL positive cells were mostly present in the ONL in all retinal detachment 

specimens.  The total number of TUNEL positive cells per mm2 was 13 cells for the 2 

weeks detachment, 10 cells for the 1 month and 5 cells for the 2 months detachment 

sample. In control normal retina, no TUNEL signal was detected in any of the retinal 

layers (data not shown).  The TUNEL positive cells were observed in the inner and 

outer part of the ONL in the 2-week-old detached sample (Fig. 5.5A, arrows).  There 

was occasional labelling of cells in the inner retina. In the 2-month-old sample, TUNEL 

labelling was localized to the outer part of the ONL, presumably cone photoreceptors. 

The graph in Fig. 5.5B shows the progression in TUNEL labelling compared with 

previous data reported by Arroyo et al. (2005b).  We compared our samples with four of 

the primary retinal detachment samples reported by the abovementioned authors. The 

graph shows the progressively reduced labelling obtained in the primary RRD samples.  

Our data falls within the 10% of the maximum number of dying cells reported by 

Arroyo et al.  The data suggests a progressive and sustained decline in the number of 

photoreceptors, starting with rod and cones and subsequent cone deterioration following 

the second week of detachment.   

 

The number of dying cells was co-related to the thickness of the retinal layers (Fig. 

5.5C).  Comparing the retinal detachment samples with a mid-peripheral control retinal 

section, we found that the photoreceptor length in all detachments is shorter than the 

control.  Both the length of the outer and inner segments and the thickness of the ONL 

for the 2-week-old and 1-month-old retinal detachment are shorter than control.  In the 

2-month-old sample we were not able to accurately measure the inner/outer segment 

length.  Inner retinal thickness over total retina length is overrepresented in the RRD 

samples. 
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Figure 5.5. Pattern of cell death and retinal thickness in RRD. (A) TUNEL positive 

cells were observed in the inner and outer part of the ONL in the 2 weeks-old sample 

(arrows). Increased labelling was seen more prominently in the inner part of the ONL. 

(B) The graph shows the linear decrease in TUNEL positive cells as a function of 

detachment duration. The graph shows the progressively reduced labelling obtained in 

the primary RRD samples compared with data reported by Arroyo et al. (2005b). (C) 

The graph shows a comparison of the retinal layers length for the three retinal 

detachment samples and control retina. Abbreviations: RRD, rhegmatogenous retinal 

detachment; ONL, outer nuclear layer; INL, inner nuclear layer, Ph, Photoreceptors; IS, 

inner segment; OS, outer segment. Scale bar in A, 50 µm. 
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5.3.6. Synaptic terminal labelling 

Given the loss of photoreceptor cell in RRD, we proceed to investigate the anatomical 

and functional retinal remodelling in these samples.  Synaptophysin is a synaptic 

vesicular membrane protein involved in synaptic plasticity throughout neural 

development (Dhingra et al., 1997; Valtorta et al., 2004), in addition to labelling the 

synaptic terminals in adult retina.  In the control retina, synaptophysin was found in the 

outer and inner plexiform layers (Fig. 5.6A, arrows) in accordance with previous 

observations (Gong et al., 2006; Sullivan et al., 2007).  We found in all retinal 

detachment samples an alteration in synapthophysin distribution.  In RRD, 

synaptophysin was abnormally present in the photoreceptor cell bodies and in their 

inner and outer segments (Fig.5.6B, arrowheads).  Furthermore, synaptophysin labelling 

was also detected in the INL surrounding somata (Fig. 5.6B, arrowhead).  The IPL 

showed a narrower area of synapthophysin labelling in retinal detachment compared to 

control (Figs. 5.6A and B, arrows).  

 

5.3.7. Inner retinal remodelling in RRD 

We assessed calcium-binding proteins expression as they are reported to change in 

experimental models of retinal degeneration (Kim et al., 2010).  In the normal human 

retina, calbindin labels cones, H2 horizontal cells and DB3 OFF bipolar cells (Chiquet 

et al., 2005; Haverkamp et al., 2003; Wässle et al., 2000). We confirmed this labeling 

pattern in our retinal control sample (Fig. 5.6C). Despite the photoreceptor cell death 

and previous report of loss of calbindin expression in cones in proliferative vitreo-

retinopathy (PVR)  retinal specimens (Sethi et al., 2005), we verified the significant 

preservation of this labelling pattern in the 2- week-old RRD (Fig. 5.6D).  There was a 

considerable decline yet still visible labelling in the older samples (data not shown).  In 

addition, the strong labelling of calbindin positive neurons in the INL was preserved.  

Furthermore, abnormal processes (collateral neurites) originating from horizontal cells 

extended towards the inner retina (Fig. 5.6D, arrows).  Some of these aberrant processes 

are shown in detail in Figures 5.7A and B.  Calbindin labelled cells in the INL showed 

abnormal branching, tortuous orientation of the projections in an area normally devoid 

of synaptic connections (Fig. 5.7A, white arrows).  Calbindin positive beaded 

varicosities were seen along their trajectory in the OPL and also as they dive into the 
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INL (Fig. 5.7A, arrowheads).  A few calbindin positive cells located in the innermost 

row of the INL, putative amacrine cells, also presented abnormal processes extending 

distally towards the outer retina; they also presented the varicosities along their length 

(Fig. 5.7A, blue arrow).   

 

In comparison, calretinin cells in the INL were normal in location and orientation (Fig. 

5.7A, red cell).  In Figure 5.7B, many of these extended dendrites labelled with 

calbindin antibodies terminated in bouton-like structures which were positive for 

synaptophysin (arrows).  Some of these neurites terminated as bulbous structures in 

both inner and outer nuclear layers (Fig. 5.7B, arrows). 

 

Parvalbumin was employed to label horizontal cells (Fig. 5.8A, arrows) a sub-set of 

amacrine cells and ganglion cells (Fig. 5.8A, arrowhead) in normal human retina.  In 

primary RRD, parvalbumin labelling was strong on horizontal projections and on faintly 

labelled amacrine and ganglion cells.  The inner retina cells labelled with parvalbumin 

did not seem to change in RD; except for extensive remodelling of horizontal cells in all 

retinal specimens.  Parvalbumin positive horizontal cells from all retinal detachment 

durations presented abnormal extensions towards the INL (Figs. 5.7C, 5.8B, arrows) 

and a few towards the ONL (Figs. 5.7C, 5.8B, arrowheads).  Furthermore, these 

aberrant projections were especially noticeable in the 2-week-old detached sample in 

which these processes reached the level of amacrine cells layer.  An enlargement of the 

parvalbumin labelling in the 2-week-old detached retina is shown in figure 5.7C.  Here 

it is clearly observed that horizontal cell projections extend vertically in direction to the 

IPL.  Abnormal projections extending into the ONL also terminated in bulbous-like 

structures (Fig.5.7C, arrowhead).  The antibody against the specific rod opsin, 

rhodopsin was also used for immunolabelling detached retina samples.  We observed a 

significant redistribution of its expression compared to the control (Fariss et al., 2000) 

as the rod opsin relocates from the dismantled outer segments (Fig. 5.7D, arrowhead) to 

the soma and also more distally to axon terminals (Fig. 5.7D, arrow). 
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Figure 5.6. Confocal fluorescence micrographs of control and RRD retina (2 weeks 

detachment). (A) Synaptophysin (red) labelling is seen restricted to both plexiform 

layers (arrows). DAPI nuclear counterstain (blue). (B) There is abnormal synaptophysin 

labelling in inner and outer nuclear layers as well as in the photoreceptor inner segments 

(arrowheads). Synaptophysin labelling in the IPL is localized to a narrower area 

(arrows). (C) Calbindin immunolabelling in the control retina is present in cone 

photoreceptors, horizontal, bipolar, amacrine and ganglion cells. (D) A similar calbindin 

immunolabelling pattern is detected in RRD. However, there is reduced staining of 

cones. Calbindin positive horizontal cells show neuritic sprouting into the ONL 

(arrowheads) and aberrant axonal extensions into the inner retina (arrows). (E) In the 

normal retina, aquaporin-0 (green) labelling is seen on inner reinal neurons with 

extensive colocalization with Islet-1 confirming their signature as ON bipolar cells. (F) 

In the detached retina, some of these ON bipolar show processes sprouting into the 

outer nuclear layer (ONL, arrows) Abbreviations as in Fig. 5.1. Scale bars: 30 µm 

(A,B,E and F), 20 µm (C and D),  
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Figure 5.7. Confocal fluorescence micrographs of control and RRD retina (2 weeks 

detachment). (A) RRD sample revealing calbindin positive axonal extension of 

horizontal cell. These aberrant extensions have abnormal branching and tortuous 

orientations forming “elbows” (white arrows) and beaded varicosities along their 

trajectory (arrowheads). Calbindin positive amacrine cells (blue arrow) also show 

abnormal processes extending distally towards the outer retina. These aberrant 

projections terminated in bulbous structures (arrowheads) which are also seen along the 

OPL. Calretinin positive cells appear normal. (B) Magnification of the calbindin 

positive bulbous structures (arrows) showing synaptophysin colocalization. (C) 

Parvalbumin labelled RRD sample showing projections into the inner retina (arrows) 

and neuritic projections into the ONL (arrowhead).This image is a magnification of a 

sector of figure 5.8B. (D) Rhodopsin redistribution in RRD. Labelling is observed in 

outer segments (arrowhead) and more proximal parts of the rod photoreceptor including 

synaptic terminal (arrow). Abbreviations as in Fig. 5.1. Scale bars: 30 µm (A, C, D) and 

12 µm (B). 
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To determine whether retinal remodelling involved other inner retina cells, we labelled 

the RD retina with Go-α. The antibody labels ON rod and cone bipolar cells in the 

human retina (Haverkamp et al., 2003). Control retina shows a pattern of Go-α labelling 

similar to the one reported in the mouse and rat retina (Acosta et al., 2008).  Double 

labelling with calbindin assisted in the identification (by contrast) of some of the Go-α 

cells as amacrine cells and bipolar cells (Fig. 5.8C, arrows).  Go-α intense labelling of 

the IPL is intercalated with the calbindin positive amacrine cell projections (Fig. 5.8C).  

However, in detached retina, there is a general reduction in Go-α labelling in both 

plexiform layers (Fig. 5.8D). Furthermore, there is no defined soma labelling of bipolar 

cells, although Go- α seems to be relocated to extensions of bipolar cells into the ONL 

(Fig. 5.8D, arrows). A reduction in Go-α suggests that G-protein cascade associated 

with ON bipolar cells is affected. 

 

5.3.8. Nuclear kinesis and photoreceptor sprouting 

The transcription factor Islet-1, was used to identify ON cone and rod bipolar cells in 

human retina (Haverkamp et al., 2003). Double labelling of control retina with anti-

recoverin antibody detected both cone and rod photoreceptors, as well as cells in the 

INL as shown in Fig. 5.8E. However, in the detached samples recoverin positive 

photoreceptor cells presented multiple projections extending across the OPL towards the 

inner retina (Figs. 5.8F, white arrows).  In control retinas, islet-1 was observed in cells 

in the INL. However, in human retinal detachment the pattern of islet-1 expression was 

altered as islet-1positive cells were observed in the ONL (Fig. 5.8D, blue arrows). This 

ectopic labelling posed the question whether it derives from aberrant islet-1 expression 

in photoreceptors or from inner retina migrating cells. In the detached samples, we 

found that the islet-1 immunoreactive cells in the ONL did not co-localize with 

recoverin. This finding indicated that expression of islet-1 in the ONL corresponds to 

ectopic cells, presumably islet-1 positive ON bipolar cells. This notion was corroborated 

by the observation of neuronal somata in the ONL labelled with two other markers for 

ON bipolar cells (Fig. 5.9P-R). 
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Figure 5.8. Confocal fluorescence micrographs of control and two-week RRD retina. 

(A) Parvalbumin labelling in control retina is basically present in horizontal cells 

(arrows) and ganglion cells (arrowhead). (B) Parvalbumin labelling is preserved in 

RRD, although multiple extensions can be seen projecting into the inner retina (arrows). 

Aberrant sprouting into the ONL is also present (arrowheads). (C) Calbindin labelling 

(green) in the control retina is present in cone photoreceptors, bipolar cells, amacrine 

cells and ganglion cells. Go-α (red) labels INL cells (arrows) whose topology points 

them to be ON-bipolar and amacrine cells. Both plexiform layers are also strongly Go-α 

immunoreactive. (D) In RRD there is a decreased calbindin immunolabelling in cone 

photoreceptors and inner retina. There is also neuritic sprouting from Go-α positive 

bipolar cells into the ONL (arrows) and a general decrease in labelling in both plexiform 

layers and in bipolar cells. (E) Normal labelling pattern of recoverin shown in 

photoreceptors and some cells in the INL. Islet-1 in control retina is found limited to 

cells in the INL. (F) In RRD, Islet-1 labelling is observed in amacrine and bipolar cells 

in the INL. However, islet-1 immunopositive cells are also ectopically detected in the 

ONL (blue arrows). Recoverin labelling is preserved in photoreceptors which present 

multiple projections extending across the OPL into the inner retina (white arrows). 

Abbreviations as in Fig.5.1. Scale bar, 30 µm. 
 



Chapter 5                                             Functional and Anatomical Remodelling in Human RRD 

166 
 

 

 
 
 



Chapter 5                                             Functional and Anatomical Remodelling in Human RRD 

167 
 

In addition to Go-α and islet-1 primary antibodies, which are known cell markers for 

ON bipolar cells, we also identified that aquaporin-0 is a marker for depolarizing 

bipolar cells in the human retina. The double labelling of aquaporin-0 with different cell 

markers revealed lack of colocalization with AII amacrine cells (Fig 5.9 A-C), 

horizontal cells (Fig. 5.9D-F) and OFF (DB3) bipolar cells (Fig. 5.9G-I). However, 

double labelling of aquaporin-0 with islet-1 (Fig. 5.9J-L) and Go-α (Fig. 5.9M-O) 

showed extensive colocalization in the ON bipolar cell populations (Fig. 5.9J-O). 

Accordingly, we also observed the nuclei of ON bipolar cells double labelled with 

aquaporin-0 and Go-α ectopically found in the ONL (Fig. 5-9P-R, arrow).  
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Figure 5.9. Confocal micrograph of vertical retinal sections through human control 

retina double labelled with aquaporin-0 (AQP-0, green) and various macromolecular 

markers (red). An RRD sample (1 month-old) is shown double labeled with AQP-0 and 

Go-α. Aquaporin-0 mainly labels the somata of neurons located in the outer part of the 

INL whose synaptic terminations are found in the proximal sublaminae of the IPL (A, 

D, G, J and M). This pattern suggests these cells to be depolarizing bipolar cells. 

Aquaporin-0 does not colocalize with calretinin (A-C), parvalbumin (D-F) and 

calbindin (G-I). This observation in conjunction with the extensive colocalization of 

aquaporin-0 and islet-1 (J-L) and also go-α (M-O) confirms the notion that aquaporin-0 

is a marker of ON bipolar cells. In detached retinas, there are aquaporin-0 

immunolabelled cells ectopically located in the ONL (P and R, arrows). The 

colocalization of these cells with Go-α  confirms the observed migrating profile of some 

depolarizing cells to the ONL in RRD. Abbreviations as in Fig. 5.1. Scale bars: A-O: 20 

µm; P-R: 30 µm. 
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5.3.9. Basal AGB permeation in retinal detachment 

To determine whether there is functional activation of cation channels in the detached 

retina, we assessed basal AGB permeability (Marc 1999a; b).  Retinal incubation in the 

absence of an exogenous ligand is referred to as basal incubation and in such conditions 

AGB labelling derives from its permeation into constitutively open cation channels 

(Kalloniatis et al., 2004; Marc, 1999a; b; Sun and Kalloniatis , 2006).  After 5 minutes 

incubation in AGB (25 mM) with no combined glutamate agonists, AGB labelled all 

retinal layers with variable labelling and with predominance in the outer portion of the 

INL (Figs. 5.10A,D,G,J).  AGB labelling of the RRD, was strong and non-uniform.  

There were areas that resembled mechanical damage reported with AGB labelling by 

Marc (1999b); however, we selected areas where AGB labelling was associated with 

gliotic reactivity indicative of tissue remodelling rather than mechanical damage.  

Nonetheless, AGB could be detected in the soma of neurons in ONL, INL and to less 

extent in the GCL (Fig. 5.10A, D, G and J).  Despite the anatomical remodelling and 

gliotic response in RRD, not only cell body but also axon and dendrites were clearly 

labelled (Fig. 5.10A, arrow).  

 

Photoreceptors had permeation to AGB in isolated sectors of the ONL in the RRD 

samples in contrast to the labelling reported in primate control retinae (Marc et al., 

2007; chapter 4).  Such difference points to the presence of abnormal cationic channels 

in the ONL.  In other models of retinal degeneration, the presence of AGB labelling in 

the ONL suggested altered cationic permeability as part of the cell death process (Yu et 

al., 2007).  Compared with AGB labelling in human retina affected by retinitis 

pigmentosa (Marc et al., 2007) and based on the stratification of the soma the type of 

cells labelled in the ONL in retinal detachment appeared to be both cones and rods.  In 

the inner and outer plexiform layers there was a uniform and intense AGB labelling of 

dendrites.  Neurons localized in the outer part of the INL (horizontal and bipolar cells) 

were AGB labelled (Figs. 5.10A, D, G and J).  

 

Correlation of AGB labelling with known neuronal markers facilitates the identification 

of specific cell populations.  Calretinin, parvalbumin and calbindin as members of the 

calcium-binding proteins family, are especially useful for studying neuronal pathways, 

synaptic connections and characterization of specific neuronal cell types (Chiquet et al., 
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2005). There was no apparent difference in the number of calcium-binding protein 

reactive cells per area comparing control versus detached retinas as a function of 

detachment duration and macromolecular marker expression (data not shown).  

Furthermore, colocalization of calretinin with AGB (Figs. 5.10A-C) showed reduced 

AGB permeability into these cells (Fig. 5.12A), in the 2-week-old detachment (11±1%) 

and practically at background level in the 2-month-old sample.  Double labelling of 

basal AGB with calbindin in the INL and GCL demonstrated AGB permeation into 

calbindin cells in the 2-week-old and 2-month-old RD samples (Figs. 5.10D-F).  

However, the proportion of co-localized AGB and calbindin neurons in the INL was 

reduced compared with control (Fig. 5.12A). AGB labelling was observed on 

parvalbumin positive horizontal cells in the detached retina (Figs. 5.10G-I). In basal 

conditions there appears to be increased AGB permeation into horizontal cells in RRD 

compared with control retina (Fig. 5.12A).  The 2-week-old detached sample showed an 

increase of AGB labelling on parvalbumin horizontal cells (75± 10%) that was reduced 

in the 2-months-old RRD. In basal AGB and islet-1 colocalization there was minimal 

AGB permeation into islet-1 positive cells in the INL (Figs. 5.10J-L). Ectopic islet-1 

labelling in the ONL did not have AGB permeation (Figs. 5.10J-L, arrowheads) and 

islet-1 bipolar cells did not have differences with control regarding basal cation channel 

permeability.  
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Figure 5.10. Confocal micrographs of vertical retinal detachment sections incubated in 

basal AGB physiological buffer and double-labelled for AGB antibody (green) in 

colocalization with calretinin (A-C), calbindin (D-F), parvalbumin (G-I) and Islet-1 (J-

L). (A-C) There is minimal or no colocalization of AII amacrine cells with AGB. (D-F)  

A calbindin positive horizontal cell colocalise with AGB (arrow). (G-I) Parvalbumin 

positive horizontal cells contained AGB. (J-L) Ectopic islet-1-positive ON bipolar cells 

were found in the ONL and there was no colocalization with AGB (arrowheads).  

Abbreviations:  CR, calretinin; CB, calbindin; PV, parvalbumin; ONL, outer nuclear 

layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; 

GCL, ganglion cell layer; NFL, nerve fiber layer. Scale bar, 20 µm. 
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5.3.10. AGB permeation post activation with KA in retinal detachment  

In order to determine whether in the RRD condition there were functional changes of 

the KA receptors we proceeded to the analysis of AGB permeability secondary to KA 

activation. In detached samples, KA (50 µM) led to an increase in AGB labelling 

compared to basal activation alone.  This increase was observed in the ONL, inner and 

outer part of the INL and in the GCL (Figs. 5.11 A, D, G, J). The number of AGB 

positive cells in the inner retina increased, but the staining of the gliotic areas remained 

similar to the basal activation. AGB entry in the ONL area denotes uncontrolled cation 

permeability suggested as an early stage of apoptotic damage (Acosta et al., 2005a; 

Robin and Kalloniatis, 1992; Yu et al., 2007). 

 

Colocalization of AGB secondary to KA activation with calretinin immunoreactive 

amacrine cells showed expression of functional receptors similar to the control sample 

(Figs. 5.11A-C and Fig. 5.12B).  When assessing KA receptor expression in calbindin 

labelled cells we observed a reduction in KA activated AGB entry compared with 

control retina (Figs. 5.11D-F and Fig. 5.12B). In parvalbumin positive cells in the INL 

(Figs. 5.11G-I) there were no changes in the pattern of colocalization after KA 

activation. There were no changes in functional KA receptors in horizontal cells 

compared with control (Fig. 5.12B). Furthermore, we found expression of aberrant 

functional ionotropic receptors on the ON bipolar cells, as seen in animal models of 

retinal diseases (Chua et al., 2009; Marc et al., 2007). We noticed an overall increase in 

the colocalization of AGB and marker of ON bipolar cells (islet-1) after KA activation 

in the 2-month-old detached sample showing 15±2% colocalization compared with 

5±3% in control (Fig. 5.11J-L; Fig. 5.12B). 
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Figure 5.11. Confocal micrographs of vertical retinal detachment sections activated 

with 50 µM KA and double labelled with the AGB antibody (green) and calretinin (A-

C), calbindin (D-F), parvalbumin (G-I) and Islet-1 (J-L). (A-C) There is colocalization 

of CR positive AII amacrine cells with AGB (arrow). (D-F) CB positive horizontal cells  

colocalize with AGB. (G-I) PV positive horizontal cells colocalize with AGB. (J-L) 

Islet-1-positive cells in the INL, some of them colocalizing with AGB (arrows). Ectopic 

islet-1- cells found in the ONL do not have AGB (arrowhead). Abbreviations:  CR, 

calretinin; CB, calbindin; PV, parvalbumin; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 

cell layer; NFL, nerve fiber layer. Scale bar, 20 µm. 
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Figure 5.12. Quantification of the percentage of colocalization of cell markers with AGB for (A) basal 

activation (B) KA activation. The graphs show the percentage of colocalization in horizontal cells (HC), 

amacrine cells (AC) and bipolar cells (BC) labelled with PV, CR, CB and islet-1 in RRD and control 

samples.  
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5.3.11. Neurochemical Remodelling in a radiation retinopathy sample 

5.3.11.1. Amino acids immunoreactivity in the control retina  

The distribution of glutamate, GABA, glycine, glutamine and taurine in the human 

mid-peripheral retina generally coincide with previous descriptions of human and 

sub-human primates (Crooks and Kolb, 1992; Davanger et al., 1991; Kalloniatis and 

Tomisich, 1999). 

5.3.11.1.1. Glutamate Immunoreactivity  

Similar to other mammalian retinae, glutamate immunoreactivity was observed in 

neurons in all layers of the human retina. Figure 5.13 shows in low magnification, the 

pattern of neuronal expression in the human mid-peripheral retina. A strong 

immunoreactivity is seen in photoreceptors (Fig. 5.13A, arrow) and at the GCL 

(including displaced amacrine cells and all ganglion cells), whereas a fainter staining 

is found in the INL, in some amacrine and bipolar cells. Low level of glutamate 

immunolabelling is seen in the Müller cells. In fact, glutamate negative projections 

were clearly seen extending vertically through the IPL (Fig. 5.13A, arrowhead) and 

originated from immunonegative somata located in the middle of the INL. 

Additionally, the inner limiting membrane (ILM) was also negative. In 

photoreceptors, inner and outer segments presented a higher level of 

immunopositivity than the nucleus. Furthermore, comparing both photoreceptor types, 

rods inner segments appeared with stronger staining than those of cones, likewise 

structures indicative of being rod terminal spherules were also strongly 

immunoreactive. Bipolar cells presented variable immunoreactivity expression 

(moderate to strong). Putative horizontal cells showed moderate staining. Some 

amacrine cells were also moderately stained. The IPL showed intensely stained for 

glutamate. Apart from ganglion cell perikarya, strong expression was also found to 

ganglion cell extensions and bipolar and amacrine cell terminals. No obvious 

expression could be seen at the vitreo-retinal interface (Müller cell end feet).  
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5.3.11.1.2. GABA Immunoreactivity 

The main feature in GABA staining of mid-peripheral human retina was the intense 

labelling of the structures at the IPL and the proximal row of the INL. Based on their 

topological profile (adjacent to the IPL) and lack of processes extending towards the 

ONL most of the stained cells were identified as amacrine cells (Fig. 5.13B, arrows). 

Likewise, a few GABA-immunopositive cells located at the outermost part of the 

GCL, putative displaced amacrine cells (Fig. 5.13B, white arrow), were also strongly 

GABA-immunoreactive. Such cells looked smaller when compared with the 

glutamate-positive GCL cells. Although GABA immunoreactivity involves the 

entirety of the IPL, a more noticeable staining pattern is revealed in 3 alternate strata 

(1, 3 and 5), in accordance with previous description by Crooks and Kolb (1992). This 

strong expression makes more difficult the characterization and correlation between 

branching patterns and correspondent cell types. Similarly to glutamate labelling, 

Müller cells are GABA immunonegative and their trajectory through the stained IPL 

can also be seen (Fig. 5.13B, blue arrowheads). In addition, no cells in the outer 

portion of the INL (area correspondent to horizontal and bipolar cells) were GABA-

immunoreactive in human mid-peripheral retina.   

5.3.11.1.3. Glycine Immunoreactivity 

Glycine immunopositive neurons were observed essentially in the inner nuclear layer 

and both outer and inner plexiform layers. However, glycine-immunoreactivity was 

also detected in the GCL. Based on the topology of the INL, sub-sets of amacrine and 

bipolar cells are stained with glycine antibody. Furthermore, a variable intensity of 

glycine labelling could be seen among amacrine cells. Some of them are heavily 

labelled (Fig. 5.13C, arrows). Putative bipolar cells also seem to vary in labelling 

intensity (Fig. 5.13C, arrowheads). Despite sparsity of ganglion cells in the peripheral 

human retina, some ganglion cells also displayed glycine-positivity.  
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5.3.11.1.4. Glutamine Immunoreactivity 

Glutamine immunolabelling was variably observed throughout the retina. The highest 

staining levels were detected in Müller cells (Fig. 5.13D arrowheads and asterisk at 

NFL) and in small ganglion cells somata. Photoreceptor inner segments also 

presented strong immunolabelling (Fig. 5.13D, arrows) contrasting with their portions 

proximal to the outer limiting membrane (OLM). Furthermore, rod photoreceptor 

inner segments seemed to stain more intensely than those of cones. Low level of 

glutamine labelling was seen in cell somata at both outer and inner nuclear layers. 

5.3.11.1.5. Taurine Immunoreactivity 

Strong taurine-immunolabelling was observed in the outer retina and RPE. Entire 

photoreceptor extension was shown as taurine-positive from outer segments to the 

synaptic contacts in the OPL (Fig. 5.13E, vertical bar). Moreover, strong taurine 

labelling was detected in the INL in somata suggestive to belong to Müller cells (Fig. 

5.13E, arrowhead). Both proximal and distal portions of these glial cells from NFL 

and ILM (asterisk) to the outer retina were also taurine immunoreactive. Some bipolar 

cells display taurine immunoreactivity. Conversely, horizontal cells (Fig. 5.13E), 

ganglion cells (g) and many amacrine cells (a) are immunonegative for taurine.  
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Figure 5.13. Amino acids labelling of control mid-peripheral human retina. (A) 

Strong glutamate labelling is observed in all three neuronal orders, although more 

uniformly in photoreceptors (arrow). Müller cells display minimal or absent 

immunoreactivity to glutamate as depicted in the immunonegative portion in the IPL 

(arrowhead). (B) GABA immunoreactivity is limited to the IPL and adjacent neurons 

from INL (dark arrows) and GCL (white arrow). Müller cells are also 

immunonegative to GABA (arrowheads). (C) Glycine labelling is observed in 

putative amacrine (arrow) and bipolar cells (arrowhead). (D) Müller cells are strongly 

glutamine immunoreactive as shown in the INL (arrowheads) and NFL (asterisk). 

Likewise outer/inner segments are positive for glutamine (arrows). (E) Taurine 

labelling is primarily localized to the ONL and inner/outer segments (vertical bar), 

although Müller cells also display immunoreactivity to taurine as shown in the INL 

(arrowhead) and NFL (asterisk). Scale bar: 20 µm. 
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5.3.11.2. Amino acids distribution in human retina post-brachytherapy 

5.3.11.2.1. Glutamate Immunoreactivity 

Glutamate immunoreactivity was detected in all neurons of the human retina 

remodelled by influence of brachytherapy. However, considerable variation of 

glutamate immunolabelling was observed in this diseased retina. For example, 

photoreceptor immunoreactivity was more intense than in control retina. Conversely, 

the inner plexiform layer (IPL) revealed a reduced immunolabelling with areas of 

complete loss of staining of the synaptic bands. This important variation in glutamate 

immunolabelling suggests the occurrence of functional changes in some neurons and 

that the turnover of glutamate may be altered in these cells, although Müller cells 

preserved the glutamate immunonegative pattern observed in the control retinae (Fig. 

5.14A arrowheads). However, obvious morphological signs of remodelling were 

observed contrasting with normal retinae. Although radiation retinopathy is a 

vasculopathy affecting primarily the inner retina, the outer retinal layers revealed 

important anatomical changes. Photoreceptor outer segments were seen as disrupted 

(Fig 5.14A, black arrowheads). Distortion of the somata and aberrant projections from 

photoreceptor cells towards the inner retina (Fig. 5.14A, arrows) were seen. 

Histopathological studies in radiation retinopathy demonstrated important loss of 

ganglion cells (Irvine and Wood, 1987). Accordingly, we observed fewer identifiable 

cells in the ganglion cell layer (GCL) and many of them were putative displaced 

amacrine cells (GABA-immunoreactive).  

 

5.3.11.2.2. GABA Immunoreactivity 

In the post-brachytherapy retinal sample, the general pattern of GABA labelling in the 

INL and GCL neurons was preserved (Fig 5.14B). Amacrine cells, IPL and some 

neurons in the GCL were GABA immunopositive. However, GABA-

immunoreactivity was also observed in some INL cells in the distal portion of this 

layer, including putative horizontal cells. In the middle portion of the INL the Müller 

cell diamond-shaped nuclear profiles were abnormally GABA positive (Fig. 5.14B, 

white arrowhead). In the IPL, Müller cell extensions, which normally are 

immunonegative for GABA presented GABA immunoreactvity (Fig. 5.14B, arrows). 
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Likewise, in the innermost retina, Müller cell endfeet also stained (Fig. 5.14B, black 

arrowheads). In addition, aberrant projections originated from GABA-ergic amacrine 

cells towards the outer part of the INL were observed.  

5.3.11.2.3. Glycine Immunoreactivity  

In the post-brachytherapy retina, amacrine and bipolar cells were the predominant cell 

types presenting glycinergic labelling. However, glycine-positive neurons in the outer 

portion of the INL, putative bipolar cells, stained more intensely and tended to locate 

more distally in the INL than glycine-positive bipolar cells in the control retina. 

Glycine labelling was limited to the somata as the IPL was immunonegative. 

Additionally, sparse glycine-positive cells could be ectopically seen in the distal area 

of the INL or in the ONL (Figure 5.14C, arrow) and glycine immunoreactivity could 

be seen around photoreceptors at the outer limiting membrane and in inner segments. 

5.3.11.2.4. Glutamine Immunoreactivity  

An important reduction of the glutamine immunoreactivity was observed around the 

photoreceptor cells proximal to the OLM in the outer retina when compared to the 

control pattern (Fig. 5.14D, arrows). This observation suggests a decrease in Müller 

cell labelling in that area. Although less pronounced, this reduced glutamine labelling 

could also be detected in the inner retina in the areas corresponding to the Müller cell 

proximal portions (Fig. 5.14D, arrowheads).   

5.3.11.2.5. Taurine Immunoreactivity  

Photoreceptors revealed a normal taurine immunoreactivity. However, as an indicator 

of anatomical remodelling, immunonegative cells were also ectopically observed in 

the ONL (Fig. 5.14E, arrow). The OPL immunonegativity is reduced. Furthermore, 

horizontal cells preserve the immunonegative pattern as in control. In parallel, Müller 

cells showed a reduced taurine immunolabelling. Overall, there are no major changes 

in taurine localization. 
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Figure 5.14.  Amino acids labelling of human retina remodelled post-brachytherapy. 

(A) Similar to control retina glutamate labelling is observed in all three neuronal 

orders and is absent in Müller cells (arrowheads). However, important anatomical 

remodelling occurs as manifest by aberrant projections from photoreceptors and distal 

cells in the INL (arrows). (B) Apart from amacrine and ganglion cells, GABA 

immunoreactivity is also detected in cells localized in the outer zone of the INL: 

putative horizontal cells. Furthermore, Müller cells abnormally show GABA 

immunolabelling as seen in their perikarya and nuclei at INL level (arrowhead) and 

also crossing the IPL (arrows) and at the NFL (black arrowheads). (C) Glycine 

positivity is solely observed in the soma of cells in the INL and GCL with absent 

labelling in the IPL. Glycine positive cells are also ectopically found in the ONL 

(arrow). (D) Reduced glutamine labelling is seen around photoreceptors (arrows) and 

in Müller cells (arrowheads). (E) There is an overall preservation of taurine labelling 

compared to control, although ectopic taurine immunonegative cells can be seen in 

the ONL (arrow). Scale bar: 20 µm. 
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5.4. Discussion 

In the present study we characterized morphological changes and altered glutamate 

receptor function in human rhegmatogenous retinal detachment.  Abnormal function has 

been demonstrated by altered cation entry as identified by AGB gating under basal and 

KA receptor activation.  We found evidence of changes in protein expression together 

with significant inner and outer retinal remodelling.  

 

5.4.1. Pattern of cell death in retinal detachment 

In retinal detachment animal models there is an initial peak of photoreceptor apoptosis 

in the first three days post-detachment followed by an abrupt and prolonged cell death 

decline in the subsequent weeks (Cook et al., 1995; Hisatomi et al., 2001; Yang et al., 

2004).  Our findings coincide with the observation of progressive reduction in 

photoreceptor apoptosis  reported by Arroyo et al. (2005b).  Nork et al. (1995) showed 

that in post-traumatic detachment there is rapid and extensive loss of rods and blue 

cones, whereas red and green cones were comparatively more resistant to that insult.  

Therefore, 2 months after retinal detachment, any partial recovery of vision may be 

mostly attributable to recovery of the cone pathway.  The greater resistance of cone 

photoreceptors to ischemia compared with rods may be attributed to the fact that cones 

can more efficiently buffer Ca2+ than rods (Osborne et al., 2004).  Steinberg (1987) 

demonstrated that rods are particularly sensitive to hypoxia. Several models of retinal 

degeneration, such as age-related macular degeneration and retinitis pigmentosa, also 

show that apoptosis affect the rods first (Curcio et al., 1993; 1996).  As corollary, 

important functional remodelling is expected to occur involving both rods and cones 

pathways, while overall visual improvement after retinal reattachment may derive 

mostly from cone pathway preservation.  Therefore, we can infer that photoreceptor 

deafferentation inducing inner retinal remodelling has similarities with the cone-sparing 

forms of retinal degeneration (Marc et al., 2007).  Our remodelling data corroborate 

such a hypothesis.  
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5.4.2. Persistent anatomical remodelling 

The concept of neuronal plasticity in the retina has been linked, in principle, to the 

process of neural development.  However, there is now cumulative evidence of its 

occurrence in adult retina as exemplified in human retinitis pigmentosa (Fariss et al., 

2000; Li et al., 1995; Milam et al., 1996), experimental retinal detachment and in a 

model of ischemia reperfusion (Sun et al., 2007a; Sun et al., 2007b).  We found in 

primary RRD sections, ectopic synaptic protein expression, abnormal projection of 

photoreceptors processes towards the inner retina, neuronal migration, neurite 

outgrowth from horizontal and ON bipolar cells, and ONL inward extensions from 

horizontal cells.  Our findings demonstrate that the mature sensory retina can display 

impressive plasticity even in the absence of genetic mutations.  However, the extent of 

remodelling found in our samples has not been reported in either experimental or human 

retinal detachment.  The remodelling events in primary RRD shares more features in 

common with other forms of retinal degeneration than previously thought.  

Furthermore, we have observed that remodelling events usually thought as post-

attachment retinal remodelling  (Lewis and Fisher, 2003)is occurring before 

reattachment surgery and may account for the persistent vision loss despite retina 

reattachment. 

 

5.4.3. Remodelling at the synaptic terminal level  

Acute hypoxic insult secondary to retinal detachment contributes to rod axonal 

retraction (Sakai et al., 2001) and, as it occurs, rod bipolar cell dendrites and horizontal 

cell neurites extend into the ONL in apposition to the retracted rod terminals.  Despite 

demonstration that neurite growth can be promoted by the application of mechanical 

tension to a neuron (Lamoureux et al., 2002), and thus, suggesting that rod terminals 

remain connected to second-order neurons during retraction, a recent ultra-structural 

study has shown that rod axonal retraction leads to disruption of the rod photoreceptor-

bipolar cell connection and flattens synaptic invaginations (Linberg et al., 2009).  The 

first outcome of this ectopic and disrupted synapse is the aberrant expression of synaptic 

proteins.  In fact, we found increased labelling of synaptophysin in the plexiform layers 

of retinal detachments of variable duration.  Furthermore, this synaptic protein was also 

abnormally present in the ONL and in the photoreceptor inner segment.  Dan and co-
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workers (2008) reported a 40% increase in synaptophysin immunocytochemical 

staining, ectopic presentation and upregulation of its mRNA expression within the first 

week post-acute ischemic insult to the rat retina.  Similarly, in primary RRD it seems 

that ectopic expression and possibly an increase in synthesized protein in the outer 

retina are related to the sprouting of the second-order neuron and to protein transport to 

the new rod terminal in the initial acute phase.  Moreover, the 2-week-old detached 

sample allowed us to identify early aspects of synaptic terminal changes.  Our results 

demonstrated increased synaptophysin labelling that is lost in more advanced cases of 

human retinal detachment.  In these cases, the OPL becomes thinner due to massive 

photoreceptor loss and to the tendency of surviving rod terminals to cluster around 

remaining cone pedicles (Sethi et al., 2005).  Furthermore, important clinical 

implications derive from this first-order synaptic disruption which does not seem to be 

completely restored after reattachment procedures (Fisher and Lewis, 2003; Lewis et al., 

2003). Such scenario opens a specific therapeutic window and reinforces the 

consideration of clinical RRD (especially with macular involvement) as an emergency. 

 

5.4.4. Neurite sprouting 

Photoreceptor hypoxic stress initiates the remodelling process in retinal detachment, 

mimicking the phase 1 retinal remodelling described in retinitis pigmentosa (Jones and 

Marc, 2005).  Initial morphological changes seen in this stage include sprouting of 

photoreceptor processes overpassing the OPL and extending towards the INL, similarly 

to the defect seen in rd1 mouse (Strettoi and Pignatelli, 2000; Strettoi et al., 2003). To 

the best of our knowledge, photoreceptor sprouting into the INL has not been described 

after primary retinal detachments in experimental RRD.  The photoreceptor stress 

includes misrouting of rhodopsin to the inner segments of rod photoreceptors (Milam et 

al., 1998). We observed photoreceptor inward projections that have been only 

previously seen as a stereotyped response to reattachment surgery (Sethi et al., 2005) 

and in experimental models of retinal reattachment(Lewis et al., 2003).  

 

Cone sparing in animal models of retinal degeneration have shown an initial loss or 

pruning of the fine dendritic processes of second-order neurons (Barhoum et al., 2008; 

Gargini et al., 2007; Phillips et al., 2010; Puthussery et al., 2009), apparently as a 

response to the massive loss of photoreceptors.  Subsequently, in a more advanced stage 
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of remodelling, these same second-order neurons develop aberrant dendrites de novo 

which seem to be related to photoreceptor (especially cones) survival.  This remodelling 

profile makes RRD neuritic outgrowth pattern more similar to other forms of human 

retinal degeneration such as congenital stationery night blindness (CSNB) in which the 

disturbance of signal transfer between photoreceptors and second-order neurons seems 

to be more important than the photoreceptoral degeneration per se (Specht et al., 2007).  

Apparently, these attempts of making ectopic synapses only occur in the presence of 

functional photoreceptors (Haverkamp et al., 2006).  Animal models mimicking CSNB 

(bassoon mutant mice retina) differ from RRD models in that the formers do not show 

rod axonal retraction (Specht et al., 2007).  In general, the neurite sprouting from ON 

bipolar cells found in retinal detachment seems more intense but comparable to that 

reported in the aged human and mouse retinae (Eliasieh et al., 2007; Liets et al., 2006; 

Terzibasi et al., 2009). We reason that this remodelling may account for decline in 

contrast, scotopic and motion sensitivities found in aged patients in the absence of 

obvious eye disease (Jackson et al., 2002; Sloane et al., 1988).  Age-related sprouting 

phenomena may also have important implications to RRD because they are more 

noticeable in the retinal periphery (Eliasieh et al., 2007).  In addition individuals older 

than 60 years-old present a risk of developing retinal detachment 17-20 times greater 

than a cohort of subjects under 30 years old (Törnquist et al., 1987).  Consequently, the 

age related remodelling could be an important aggravating factor for functional 

recovery in retinal detachment.  In fact, studies have concluded that the final 

postoperative visual acuity in patients with macular detachment also depended on the 

age of the patient (Kreissig, 1977; Tani et al., 1981). 

 

5.4.5. Neuronal nuclear migration  

We detected the presence of sparse islet-1 immunoreactive cells in the ONL of detached 

samples.  These cells did not colocalize with the photoreceptor marker recoverin thus, 

pointing them to be ectopic ON bipolar cells rather than de novo expression of this 

protein in photoreceptors.  In experimental RRD, Lewis et al. (2010) documented 

Müller cell nuclei migration to the outer retina followed by cell division and subretinal 

gliotic scar formation.  A similar phenomenon occurs post-laser injury to the retina 

(Tackenberg et al., 2009).  Nevertheless, neuronal somata migration is a novel finding 

in retinal detachment.  Neuronal migration is a well documented phenomenon in 
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advanced stages (phase 3 remodelling) of RP and light-induced retinal degeneration 

models (Gargini et al., 2007; Marc et al., 2008; Wang et al., 2005).  Either the 

ubiquitous proliferating Müller cell processes or abnormal blood vessels could function 

as scaffolds or conduits facilitating neural migration.  Furthermore, the disruption of the 

uniform and spatially limiting OPL due to retraction and extension of synaptic 

connections seems to create gaps through which neurons could relocate.  This concept 

of neuronal migration facilitated by gaps on a containing surface was reinforced by 

Palanker et al. (2004) who showed significant outward migration of retinal neurons by 

using a perforated membrane as substrate for retinal tissue.  They also provided 

histological and electron microscopy evidence that the relocated retinal cells retain the 

pre-migration neuronal structures for signal transduction.  It is not known whether after 

reattachment and partial recovery of inter-neuronal connections at the OPL, these 

relocated neurons would dislocate back to their primary site.  Consequently, neuronal 

migration poses additional functional implications for the already remodelled retinal 

circuitry.  Moreover it expands the traditional view of neuronal plasticity demonstrating 

nuclear kinesis in retinal detachment. 

 

5.4.6. Functional Remodelling in RD 

Retinal circuitry involves two parallel routes for inter-neuronal signaling: the ON-centre 

pathway initiated by rod and cone bipolar cells expressing metabotropic mGluR6 

receptors and the OFF centre pathway initiated by cone bipolar cells possessing 

KA/AMPA ionotropic glutamate receptors (DeVries and Schwartz, 1984; Schiller et al., 

1986; Vardi et al., 2000). In retinal detachment there appears to be changes in the 

circuitry. Firstly, we observed an overall increase in AGB entry into photoreceptor cells 

accompanied by a reduction in the cation channel permeability in the inner retina of the 

detached samples. This finding reinforced the concept of retinal detachment as a retinal 

degeneration condition for removing the coordinated Ca2+-coupled signaling to the inner 

retina (Jones and Marc, 2005). Likewise, the functionality of KA receptors was found 

generally decreased in the inner retina except for horizontal and ON bipolar cells. The 

islet-1 bipolar cells presented increased AGB labelling after KA activation yet ON 

bipolar cells are known to possess mGluR6 receptors (Vardi et al., 2000; Vardi and 

Morigiwa, 1997). Correspondingly, these were the neuronal types manifesting neuritic 

sprouting in response to photoreceptor phenotype deconstruction and death. 
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Accordingly, Marc et al. (2007), also using AGB excitation mapping, documented an 

increased proportion of ON bipolar cells exhibiting functional KA receptors in a human 

retina affected by retinitis pigmentosa. Likewise, Chua et al. (2009) reported identical 

findings in early age (P15 to 40) in the rd1 mice model of retinitis pigmentosa, although 

they more precisely identified that the ON cone bipolar cell population was responsible 

for the increased expression of functional KA receptors. The fundamental difference is 

that in the rd1 mouse, rod death is very rapid whereas in human case of retinitis 

pigmentosa, rod death is variable what may allow rod bipolar cells to express aberrant 

functional KA/AMPA receptors.  

 

Our findings suggest that ON bipolar cell remodelling in retinal detachment is similar to 

that in retinitis pigmentosa. Extensive rod photoreceptor death seems to trigger a 

phenotypical change in ON bipolar cells that includes rod bipolar dendrites targeting 

survivor cone cells (Marc et al., 2007). The reprogramming of rod bipolar cells into 

expressing functional KA receptors (OFF-like bipolar cells) appears to represent an 

attempt to recover signaling capacity (Marc et al., 2007). The original  “collision 

network” hypothesis (Marc et al., 2007) predicts the arrival of disparate signals from 

bipolar cells onto third order neurons due to the expression of functional metabotropic 

and ionotropic receptors on ON bipolar cells.  If ‘ON’ bipolar cells concurrently express 

functional metabotropic and ionotropic receptors, this would lead to simultaneous 

hyperpolarization and depolarization and consequently a markedly reduced or absent 

signal. It is not known to what extent this functional remodelling is reverted by retinal 

reattachment. Although we do not have evidence of reduced mGluR6 expression 

associated in retinal detachment reduced Go- α expression suggests altered G protein 

cascade. Accordingly, the recent discovery of transient receptor potential (TRPM1) 

cation channels as the endpoint of the mGluR6 signal transduction cascade in ON 

bipolar cells, and the development of TRPM1-/- mice revealed that these mice presented 

reduced contrast sensitivity and spatial frequency threshold (Koike et al., 2010; 

Morgans et al., 2009). These psychophysical findings are also observed in RRD patients 

after reattachment surgery (Özgur and Esgin, 2007) and represent a major negative 

impact in their vision recovery (Okamoto et al., 2008). Therefore, visual impairment 

rather than blindness occurs when there is suppression of the ON pathway. Clinical 

examples of deficient ON responses can be found in patients with congenital stationary 
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night blindness type 1 (CSNB1) and with melanoma-associated retinopathy (MAR). 

These patients usually retain considerable visual acuity (≥ 20/60; (Keltner et al., 2001; 

Khan et al., 2005), comparable to that documented after  surgery for macula-off retinal 

detachments of short duration (Burton, 1982). Our findings suggest that after RRD a 

functional remodelling occurs in the retinal neurons manifested by modification of 

glutamatergic signaling. The abnormal expression of functional KA receptors by ON 

bipolar cells in parallel with an overall reduction of the cation permeability and 

apparently preserved OFF pathways is similar to that described in retinitis pigmentosa. 

These findings reinforce the notion that inner retina responds to deafferentation in a 

similar pattern regardless of its etiology. 

 

5.4.7. Neurochemical remodelling in radiation retinopathy 

Despite different underlying aetiologies both radiation retinopathy and retinal 

detachment are forms of retinal degeneration. Radiation retinopathy is a condition that 

manifests initially as a microangiopathy affecting the inner retina as the retinal 

microvasculature appears to be more sensitive to radiation effects. The clinical 

fundoscopic findings in radiation retinopathy are very similar to those observed in 

diabetic retinopathy. In fact, both entities share fundamental pathophysiological 

features such as loss of endothelial cell and pericytes. In addition, retinal or optic disc 

neovascularisation as presumed in this case commonly ensues as result of the 

ischemic environment. Therefore, proliferative retinopathies in general should 

undergo common neurochemical remodelling phenomena. 

 

As result we were able to document a redistribution of amino acids in this area. 

GABA loading of Müller cells reveals the negative impact of the hypoxia onto the 

TCA cycle and glio-neuronal relations. This is confirmed by reduction of glutamine 

labelling to Müller cells. These findings corroborate the notion that altered amino 

acids neurochemistry occurs due to abnormal Müller cell function. Furthermore, the 

disruption of the “GABA shunt” and redistribution of this neurotransmitter seen in 

our sample may signal amacrine cell dysfunction and is associated with overall INL 

degeneration as seen in other proliferative retinopathies (Lee, 1968). Accordingly, 

reduced amplitude in oscillatory potentials detected in the electroretinogram (ERG), 

an indicator of high-risk proliferative diabetic retinopathy, has been shown closely 
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associated to GABA metabolism and reflects ischemia at INL level (Ishikawa et al., 

1996). These authors also documented increased activation of GAD in parallel with 

diminished activities of GABA-T in diabetic rat retinas. 

 

Important signs of anatomical remodelling were observed in neurons from outer and 

inner retina. Aberrant projections could be seen from glutamate-positive 

photoreceptors towards the inner retina. Furthermore, ectopic glycinergic cells (native 

to INL) were observed in the ONL.  These findings have been documented in forms 

of retinal degeneration triggered by loss of input from photoreceptors whereas 

radiation seems to essentially damage the inner retina. Therefore, either these 

anatomical changes after retinal radiation occur without deafferentation from the outer 

retina or photoreceptor deconstruction occurs in late stages after the insult. The latter 

possibility is corroborated by the evidence of sectoral choroidal vascular remodelling 

associated with obliteration of choroidal arteries, capillaries and veins in proliferative 

stages of radiation retinopathy (Takahashi et al., 1998). These vaso-occlusive 

phenomena should compromise blood supply to photoreceptors with predictable 

subsequent cell death. Moreover, treatments of aggressive orbital tumours with high 

dose of radiation enhanced by chemotherapy have been reported in association with 

severe RPE/choriocapillaris damage and secondary loss of photoreceptors. However, 

in the case reported in our study there was preservation of the RPE/choriocapillaris 

and no obvious massive loss of photoreceptors. 

 

Accordingly, the redistribution of neuroactive amino acids in conjunction with 

evident anatomical remodelling in radiation retinopathy corroborated the hypothesis 

that any insult to the retina may have the potential to initiate cellular remodelling 

features. 
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6.1. Introduction 
Impaired energy metabolism plays an important role in the pathogenesis and 

progression of any neurological insult.  Creatine and its high energy phosphorylated 

analogue, phosphocreatine, are essential molecules that maintain ATP levels in high 

energy demanding tissues such as the retina and the brain (Béard and Braissant, 2010; 

Wyss and Kaddurah-Daouk, 2000). Creatine level is maintained through uptake from 

diet and endogenous biosynthesis (Klein and Ferrante, 2008; Tachikawa et al., 2008).  

A specific plasma membrane creatine transporter (CRT) is required for the cellular 

uptake of creatine from the blood (Nakashima et al., 2005; Ohtsuki, 2004).  CRT is 

critical in normal brain function as mutations in the CRT gene (SLC6A8) lead to X-

linked mental retardation, epilepsy, developmental delays in speech and language, 

seizures and autistic behaviour (Bizzi et al., 2002; Salomons et al., 2001; Schulze, 

2003; Stockler et al., 2008).  As an energy buffer, creatine is an efficient 

neuroprotective agent in animal models of neurodegeneration and brain injury (Béard 

and Braissant, 2010; Brustovetsky et al., 2001; Klein and Ferrante, 2008; Klivenyi et 

al., 1999; Malcon et al., 2000; Perasso et al., 2009; Prass et al., 2006). Creatine 

supplementation is currently under trial in human subjects with neurological 

pathologies such as Parkinson’s and Alzheimer’s diseases that have known 

bioenergetic deficits (Bender et al., 2005; Bender et al., 2006; Dedeoglu et al., 2003; 

Ferrante et al., 2000; Hersch et al., 2006; Matthews et al., 1998; Ryu et al., 2005; 

Tabrizi et al., 2003; Verbessem et al., 2003; Yang et al., 2009). Maintenance of ATP 

supply is of fundamental importance for the function of the retina. Hence, it is 

expected that the CRT should be localized to areas of high energy demand in this 

tissue. 

 

Retinal detachment is associated with altered energy metabolism and oxygen tension  

(Lewis et al., 1999b; Mervin et al., 1999) because of the hypoxic environment for 

photoreceptor cells as they are separated from the pigment epithelium. The hypoxic 

insult is followed by photoreceptor cell death, triggering cellular remodelling of the 

glia and inner retinal neurons (Cook et al., 1995; Fisher and Lewis, 2003; Fisher et al., 

2005; Lewis et al., 1998). While metabolic regulation in remaining cells to 

compensate for the anaerobic environment is expected, the role of high energy 
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phosphate transporters such as CRT in the hypoxic environment remains to be 

determined. 

 

Immunocytochemical studies have shown CRT localization to both luminal and 

abluminal faces of the rat retinal blood vessel endothelial cells and retinal pigment 

epithelium (Nakashima et al., 2004).  It has also been detected in retinal neurons of 

different vertebrates (Acosta et al., 2005b). However, CRT expression in human 

tissues has not been characterized.  This study refers to the detection of CRT 

expression in the normal and detached retina as a way of evaluating creatine 

regulation in retinal degeneration conditions. 

 

6.2. Methods 
 

6.2.1. Collection of human normal and detached retina samples 

Retinal tissue samples were obtained after informed consent from patients.  The 

procedures are in accordance with the tenets of the Declaration of Helsinki and 

approved by the Institutional Review Committee of the University of Auckland and 

Auckland District Health Board. Specimens used as control retinas were obtained 

from three Caucasian patients whose demographics are presented in Table 3.1, 

(chapter 3). We used samples from mid-peripheral retina (area within 7 mm from the 

ora serrata) to illustrate the patterns of CRT expression in control and comparison 

with retinal detachment sections (RRD donor demographics, Table 3.2, chapter 3).    

 

Retinal specimens were fixed in a mixture of 4% paraformaldehyde and 0.01% 

glutaraldehyde in phosphate buffer for 30 minutes.  Tissue was washed in PBS pH 7.4 

before cryoprotected by immersion in graded series of sucrose up to 30% w/v in PBS.  

Then, the tissues were embedded in optimum cutting temperature medium (OCT, 

PELCO International, Redding, California) and sectioned at 16 µm with a Leica 

CM3050 S cryostat (Heidelberg, Germany).    
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6.2.2. Immunohistochemistry  

Immunohistochemical procedures for detection of creatine transporter were conducted 

as previously reported (Acosta et al., 2005b; Dodd et al., 2010; Mak et al., 2009). 

Briefly, retinal vertical sections were incubated for 1 hour in a blocking solution 

containing 6% goat serum (Sigma, St Louis, Missouri), 1% bovine serum albumin 

(Sigma), 0.5% Triton-X-100 (Fisher Scientific Inc., Fairlawn, New Jersey).  Retinal 

sections were double labelled by overnight incubation at room temperature with 

primary antibodies.  The rabbit polyclonal antibody was raised against a purified 

COOH-terminal fragment of the bovine CRT protein, expressed as a fusion protein 

with glutathione-S-transferase (GST) (Dodd and Christie, 2001).  Antibody specificity 

for retinal tissue has been previously reported by our group (Acosta et al., 2005b; 

Acosta et al., 2010). Details of primary antibodies employed in this thesis are 

described in Table 3.4 (chapter 3). Primary and secondary antibodies were diluted in 

an antibody buffer containing 3% goat serum, 1% bovine serum, 0.5% Triton X-100, 

and 0.05% thimerasol in PBS (phosphate buffer solution, pH 7.4).  Secondary 

antibodies were applied to the tissues for 3 hours and consisted on goat anti-mouse 

conjugated with Alexa TM 594 (Molecular Probes, Eugene, Oregon), goat anti-rat 

conjugated with Alexa TM 594 (Molecular Probes), goat anti-rabbit antibody 

conjugated to Alexa 488 (Molecular Probes) and goat anti-rat antibody conjugated to 

Alexa 488.  An exception was the use of one primary antibody (GFAP) conjugated to 

Cy3 (Sigma, St Louis, MO). All secondary antibodies were used at a 1:500 

concentration. Slides were washed and cover slipped using anti fading reagent 

(Prolong Gold; Invitrogen, Eugene, OR) containing 4’, 6-diamidino-2-phenylindole 

(DAPI) and sealed with nail polish.  Negative controls were performed by omission of 

the primary or secondary antibodies otherwise maintaining the protocol steps.  

6.2.3. Confocal microscopy 

Single and double labelled retinal sections were visualized and images captured using 

an Olympus confocal scanning laser microscope (FV1000; Olympus, Tokyo, Japan).  

High resolution scanning was performed using 40x or 60x oil objective lens (Plan-

Apochromat 1.0 NA).  Scans were collected with z-axis sequence with a step size 

between 0.5 to 1µm per frame and visualized in a monitor with 1024 x 1024 pixel 

resolution.  The final images corresponded to a maximal intensity projection of 12µm 
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stack of scans from a selected area of the retinal specimen.  The brightness and 

contrast of final figures were equally adjusted by using Adobe Photoshop (Adobe 

Systems, Mountain View, California). 

 
6.3. Results 
 

6.3.1. Immunolocalization of CRT in human retina 

To determine the identity of the CRT labelled cells we used cell type markers in a 

colocalization experiment with CRT. The calcium binding protein calbindin is a 

known marker for cone photoreceptors, horizontal cells, and sub-populations of 

bipolar cells (DB3 OFF-bipolar cells), amacrine cells and ganglion cells in the human 

retina (Chiquet et al., 2005; Haverkamp et al., 2003; Nag and Wadhwa, 1996).  Strong 

CRT labelling was found colocalizing with calbindin positive photoreceptor outer and 

inner segments and synaptic terminals (Fig. 6.1A-D, arrowhead).  We observed CRT 

on the calbindin labelled photoreceptor cell axon (Fig. 6.1A-D, thick arrow).  A type 

of amacrine cell with mitral shape and lobular appendage, suggestive to be AII 

amacrine cells colocalized with CRT labelling (Fig. 6.1 B-D).  CRT labelling was 

also observed in the inner plexiform layer (IPL), and nerve fiber layer (NFL) as well 

as on calbindin negative ganglion cells (Fig. 6.1B-D, small arrow). Moreover, there 

was a uniform expression of CRT in the retinal pigmented epithelium cells (Fig. 6.1E, 

arrows).  
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Figure 6.1. Immunofluorescence labelling in human control retina. Images were 

captured using confocal microscopy. DAPI (4’, 6-diamidino-2-phenylindole) used as 

counter-staining (A). Creatine transporter (B) colocalizes with calbindin (C). Strong 

immunoreactivity co-expressed in cones (arrows), photoreceptor synaptic terminals 

(arrowheads), AII amacrine cells, outer and inner plexiform layers. (E) Shows the 

presence of CRT immunoreactivity at the retinal pigment epithelium (RPE). HC, 

horizontal cell; AC, amacrine cell; ONL, outer	  nuclear layer; OPL, outer plexiform 

layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; 

NFL, nerve fiber layer. Scale bars: 20µm. 
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To determine if CRT was expressed in retinal glial cells, we colocalized CRT with 

glutamine synthetase (GS), a marker of Müller cells (Fig. 6.2A-F). GS expression was 

noted throughout Müller cell from their end-feet to the outer limiting membrane.  The 

absence of CRT expression in Müller cells was evident in the GS/CRT double 

labelled retina (Fig. 6.2D-F).  CRT negative processes of Müller cells were found 

traversing the neurosensory retina (Fig. 6.2C and D, yellow arrow), whereas GS 

labelling was seen around inner retinal cells or in projections that run in parallel to 

CRT labelling in the outer plexiform and outer nuclear layers (Fig. 6.2D-F, white 

arrow).  In Figure 6.2E and 6.2F we show that there is no overlap between GS and 

CRT in both plexiform layers. 
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Figure 6.2. Confocal microscopy images of human control retina immunolabelled 

with CRT and glutamine synthetase (GS). DAPI (4’, 6-diamidino-2-phenylindole) 

used as counter-staining (A). CRT labelling (B) and the Müller cell marker glutamine 

synthetase (C) revealed lack of colocalization of both signals. E and F inserts 

correspond to a magnification of outlined areas in D.  Abbreviations: ONL, outer	  

nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer. Scale bars – Figs. 

6.2A-D: 20µm; Figs. 6.2E and F: 15µm. 
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6.3.2. CRT immunoreactive cells in inner retina  

We employed a range of cellular markers for identification of the inner retina cell 

types colocalizing with CRT.  CRT positive cells represent several cell populations.  

In Figure 6.1 we show the expression of CRT in AII amacrine cells although there 

was no colocalization with horizontal cells and DB3 OFF bipolar cells labelled with 

calbindin (Fig.6.1B-D).  Another calcium-binding protein, parvalbumin was 

employed as a marker for horizontal cells, yet, there was no expression of CRT in 

these cells (Fig. 6.3A-C, arrow).  Nonetheless, parvalbumin also labels ganglion cells, 

which co-localized with CRT (Fig. 6.3A-C, arrowheads).  Moreover, we used the 

antibodies Islet-1 and Go-alpha to label ON rod and cone bipolar cells (Haverkamp et 

al., 2003).  Among Go-alpha positive bipolar and amacrine cells, there was absence of 

colocalization with CRT (Fig. 6.3D-F, arrows); however we found some sparse 

colocalization with islet-1 positive cells located in the outer sector of the INL 

corresponding to the ON bipolar cells (Fig. 6.3G-I arrowhead). 

There were other CRT positive amacrine cells not labelled with calbindin. In order to 

determine the neurochemical signature of these CRT immunoreactive amacrine cells 

we used GAD67, calretinin and microtubule-associated protein (MAP-2) antibodies 

which are markers of GABAergic, AII and tyrosine hydroxylase/dopaminergic 

amacrine cells respectively (Gábriel et al., 1992; Mills and Massey, 1999; Nguyen-

Legros et al., 1997). We confirmed the MAP-2 labelling of dopaminergic cells by 

double labelling with tyrosine hydroxilase (TH) antibody and observed complete 

colocalization (Fig. 6.4A-C). We found partial colocalization between GAD67 and 

CRT positive amacrine cells (Fig. 6.3J-L, white arrow) mostly at large amacrine cells 

whose morphology suggests them to be the tyrosine hydroxylase (TH-

immunopositive amacrine cells. In fact, this notion is corroborated by the similar 

partial colocalization between CRT and MAP-2 (Fig. 6.3P-R, white arrow). 

Accordingly, we confirmed the immunolabelling of TH amacrine cells with MAP-2 

by double labeling of TH amacrine cells with MAP-2 by double labeling with these 

two markers (Fig. 6.4A-C). In contrast, extensive colocalization was evident in 

calretinin and CRT labelled amacrine cells (Fig. 6.3M-O, arrowheads).  In primate 

peripheral retinas, essentially all calretinin positive cells in the INL are AII amacrine 

cells (Mills and Massey, 1999) , therefore human AII amacrine cells express CRT.  

Calbindin and calretinin also labelled the stratification of these amacrine cells in the 
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inner plexiform layer (Figs. 6.1B-D and 3M-O) where colocalization with CRT was 

observed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Immunolabelling of CRT and cellular markers of inner retinal neurons. 

(A-C) Colocalization of parvalbumin (PV) and CRT shows CRT in ganglion cells 

(arrowheads), but not in horizontal cells (yellow arrows). (D-F) ON bipolar cells were 

identified by Go-alpha where there was no colocalization. (G-I) Few islet-1 cells 

expressed CRT (arrowhead). (J-L) In GAD67 amacrine cells there was some CRT 

colocaliztion. (M-O) Calretinin (CR) showed complete colocalization with CRT in the 

mid-peripheral human retina. (P-R) Some MAP-2 positive cells expressed CRT. 

Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber 

layer. Scale bar: 20µm.      
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Previous work demonstrated CRT expression at the inner blood retinal barrier, where 

CRT is regulating creatine entry (Nakashima et al., 2004; Ohtsuki, 2004; Tachikawa 

et al., 2008).  CRT immunolabelling was also evident in the retina blood vessels.  

Laminin, a blood vessel basal membrane marker, was used to outline the vascular 

structures of the inner retina.  CRT was observed with variable expression in blood 

vessels located in the INL and GCL (Fig. 6.4A-C).   
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Figure 6.4. Double immunofluorescence of control retinas with microtubule-

associated protein (MAP-2; A) and tyrosine hydroxylase (TH; B), revealing 

colocalization (C) and confirming that MAP-2 is marker for dopaminergic amacrine 

cells. Double labelling of human retina with laminin (D), a blood vessel basal 

membrane marker and CRT (E). Cell nuclei (blue) were labelled with DAPI. Multiple 

and punctiform expression pattern of CRT detected in a blood vessel (bv) at the INL 

(F). Abbreviations: INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer; INL, nerve fiber layer. Scale bars: 10µm 
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6.3.3. CRT expression in retinal detachment  

In order to determine whether in retinal detachment there are changes in creatine 

transport involving the glial cells, we checked the CRT expression pattern and 

employed glial fibrillary acid protein (GFAP) as a marker of astrocytes or activated 

Müller cells.  In normal retina (Fig. 6.5A-C) astrocytes are mainly located in the NFL 

(Fig. 6.5A, double arrows).  Despite the strong CRT labelling observed in the NFL, 

the GFAP positive astrocyte processes did not show colocalization with GFAP (Fig. 

6.5A-F, double arrows), suggesting that CRT expression in the NFL layers 

corresponded to a bundle of ganglion cell axons.  To confirm this observation we 

individualized the series of confocal microscopy images (0.45µm thick each) from the 

final superimposed images stack.  There was no colocalization between CRT and 

GFAP (Fig. 6.5D-F). 

Three retinal detachment specimens were analyzed for the pattern of CRT expression.  

All three samples presented identical pattern of CRT distribution despite difference in 

the age of patient and duration of detachment.  In the detachment samples, there was 

increased expression of CRT in the outer retina, mainly in the outer nuclear layer and 

photoreceptor inner segments (Figs. 6.5H, K and N).  Photoreceptor outer segment 

loss is a widespread phenomenon post-retinal detachment; however, in areas where 

they were present they also showed increased CRT expression compared to control 

retina.  An important manifestation of anatomical remodelling of the retina after 

detachment is the hypertrophy and proliferation of Müller cell processes which is 

evident by up-regulation of GFAP.  Figures 6.5G-I show GFAP positive hypertrophic 

Müller cells spanning the entire retina but no colocalization with CRT is observed 

(double arrows).  Conversely, CRT expression in the inner retina was preserved and 

so was the colocalization pattern with cell markers of inner retinal neurons.  Figure 

6.5J-L illustrates preserved colocalization pattern found in retinal detachment between 

CRT and calretinin amacrine cells.  The immunolabelling pattern of CRT and GAD67 

was also maintained in the inner retina (Fig. 6.5M-O).  Therefore, the hypoxic 

conditions in the outer retina did not alter the immunocytochemical expression of 

CRT and the different macromolecular markers in inner retinal cells. 
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Figure 6.5. Confocal images of control (A-F) and detached retinas (G-O). 

Immunolabelling of glial fibrillary acidic protein (GFAP) in the control retinas is 

shown in the astrocyte processes in the NFL (double arrows, A-C) not colocalizing 

with CRT (C-merged images). (D-F) Single confocal images sections (0.45µm) 

showing absence of colocalization between CRT and GFAP.  (G-I) GFAP is 

upregulated and found in the hypertrophic trunks of Müller cells (double arrows) in 

retinal detachment without colocalization with CRT. (J-L) In retinal detachment 

specimens, CRT is expressed in calretinin cells in inner retina. (M-O) The labelling 

pattern of CRT and GAD67 is maintained in detached retina. Abbreviations: ONL, 

outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; NFL, GCL, ganglion cell layer; INL, nerve fiber layer. Scale bars 

20µm.                
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6.4. Discussion 

We have shown the presence of CRT with a specific distribution pattern in 

photoreceptors and selected neurons, except for glial cells in the human retina. 

Additionally, the increased immunolabelling of CRT in the detached retina localized 

to the outer retina suggests a regional metabolic remodelling occurring in 

photoreceptor cells. 

 The distribution of CRT expression in the human retina shares similarities to the 

pattern of labelling described in the retina of other vertebrate species (Acosta et al., 

2005b).  CRT is expressed by photoreceptors, inner retinal neurons, blood vessels and 

retinal pigment epithelium (RPE). The inter-species presence of CRT in all three 

retinal neuronal orders and in the retinal capillaries suggests that CRT transports 

creatine into photoreceptors and neurons at the blood retinal barriers (BRBs). 

Accordingly, Nakashima et al. (2004) documented CRT expression in a conditionally 

immortalized rat retinal capillary endothelial cell line (TR-iBRB) using reverse 

transcription (RT-PCR) and Western blot. They also demonstrated that creatine 

transporter at the inner blood retinal barrier (iBRB) works by continuously providing 

creatine at a near-maximum transport rate. The RPE cells represent the outer blood 

retinal barrier (oBRB) in the holangiotic human retina. Our observation of CRT in 

human RPE, corroborated by its finding in other vertebrate retinas, suggests 

facilitated creatine transport into photoreceptors. This transport model is comparable 

to the transport systems of lactate and glucose into the retina with monocarboxylate 

transporter 1 and glucose transporter 1 via both iBRB and RPE (Chidlow et al., 2005; 

Gerhart et al., 1999).  

 

 Preferential CRT immunolabelling to specific neurons in the inner retina (AII 

amacrine cells and some ganglion cells) represents a conundrum. The vicinity of some 

neurons to blood vessels could explain the random yet specific CRT labelling to 

amacrine cells. However, the fact that all AII amacrine cells express CRT and that 

immunolabelling is observed also in the plexiform layers discard that hypothesis. We 

propose an alternative explanation in that the CRT immunoreactivity point to neurons 

with resistant to disturbances of the energy metabolism facilitated by provision of 
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creatine. Evidence shows that amacrine cells are not equally susceptible to retinal 

ischemia or excitotoxicity (Dijk and Kamphuis, 2004; Osborne et al., 2004; Sun et al., 

2007a; Sun et al., 2007c). Variation in number and types of glutamate receptors as 

well as the expression of receptors that may provide neuroprotection (e.g purinergic 

receptors) (Larsen and Osborne, 1996; Zhang et al., 2006) helps to explain the 

variable tolerance of neurons to insult. Furthermore, AII amacrine cells have been 

shown not to possess glycogen stores; thus, suggesting that these cells rely on creatine 

for energy (Rungger-Brändle et al., 1996).        

 

We have shown that in the human retina, similarly to other vertebrates, Müller cells 

do not express the CRT. Glial cells have an established role in delivering nutrients to 

retinal neurons and providing lactate to photoreceptors (Poitry-Yamate et al., 1995; 

Rungger-Brändle et al., 1996). Therefore, our observation that CRT is absent from 

human glia suggests that either: i) within Müller cells there is no 

creatine/phosphocreatine system to preserve their ATP levels or ii) that they have a 

local source of creatine biosynthesis. The later hypothesis was strongly reinforced by 

the demonstration with RT-PCR, Western blot and high-performance liquid 

chromatography of the creatine precursor enzyme S-adenosyl-L-methionine:N-

guanidinoacetate methyl-transferase (GAMT) in retinal Müller cells (Nakashima et 

al., 2005). Immunocytochemical colocalization of GAMT with glutamine synthetase 

further confirmed Müller cells as a local source of creatine biosynthesis (Nakashima 

et al., 2005). Nevertheless, the combined evidence for creatine biosynthesis by Müller 

cells and the absence of CRT in these retinal glial cells raises the question about if 

and how the trafficking of creatine between Müller cells and neurons occurs. One 

possibility is that the production of creatine by Müller cells solely serves their own 

metabolic needs without provision for other retinal cells. 

 

We also verified the absence of CRT expression in Müller cells after retinal 

detachment. The detachment-induced hypoxic insult causes hypertrophy and 

proliferation of Müller cell processes. In this hypoxic environment there was 

increased CRT expression in the ONL and photoreceptor inner segments. These 
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suggest an increased demand for ATP synthesis from anaerobic metabolism in 

photoreceptors. However, the increased expression of CRT in the ONL may also 

represent a redistribution of CRT protein due to remodelling of the outer segments 

and disruption of its compartmentalization in photoreceptor cells. This redistribution 

could be similar to what occurs to the rod photoreceptor protein rhodopsin which is 

aberrantly expressed in the ONL after retinal detachment (Fisher et al., 2005). 

However, since phosphocreatine/creatine regenerate ATP significantly faster than 

glycolysis and oxidative phosphorylation (Wallimann et al., 1992), the increased CRT 

expression in the sector correspondent to hypoxic insult in detached samples reinforce 

the concept that the creatine/phosphocreatine shuttle system plays an important role in 

the retinal energy homeostasis in damaging conditions.  

 

The relevance of creatine metabolism and transport is demonstrated by the cumulative 

evidence of its neuroprotective properties and use in major clinical trials for 

neurodegenerative pathologies such as Parkinson’s and Huntington’s disease, and 

amyotrophic lateral sclerosis (Béard and Braissant, 2010; Bender et al., 2006; 

Brosnan and Brosnan, 2007; Brustovetsky et al., 2001; Klivenyi et al., 1999; Prass et 

al., 2006; Yang et al., 2009). The increased expression and function of CRT mRNA in 

the blood brain barrier under hyperammonemic conditions (Bélanger et al., 2007) 

suggest that CRT plays an important role in neuroprotective mechanisms in 

neurological disorders. For example, the deprivation of creatine because of the loss of 

photoreceptor contact with the RPE combined with disruption in creatine biosynthesis 

by a reactive and proliferative Müller cell, further support the need for creatine uptake 

in the detached retina.  

 

Moxon-Lester et al. (2009) showed a significant reduction in the CRT 

immunolabelling of rat retinas in an acute retinal ischemia experiment. Acute 

ischemia is a much more severe degeneration than retinal detachment. Yet, disrupted 

biosynthesis of creatine by hyperornithinemia affects the choroid and retina in 

patients with gyrate atrophy who have a reduced creatine supply from the blood and a 

compromised supply from the Müller cells (Sipilä et al., 1980). However, retinal 
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detachment represents a localized and less severe hypoxic and hypoglycaemic insult 

where the inner retinal circulation is intact and the outer retina may still obtain 

nutrients in the sub-retinal fluid by diffusion from the choroid depending on the 

height and duration of the detachment.  This notion goes in line with our finding of an 

increased CRT labelling in the detached outer retina without affecting the inner retina. 

 



Chapter 7:                                                                                         Summary and Conclusions  

217 
 

Chapter 7: Summary and 
conclusions 
Excitation mapping of the human retina was successfully achieved with the use of 

AGB as intracellular reporter. Functional activation of the human mid-peripheral 

retina in conjunction with macromolecular markers allowed the identification of 

specific neuronal populations expressing functional glutamate ionotropic receptors.  

 

The normal immunolabelling profile of AGB labelling in basal conditions and after 

KA activation was compared with that of rhegmatogenous retinal detachment (RRD) 

samples. Cellular changes (anatomical remodelling) were observed and well 

documented in all detached retina samples. Furthermore, the immunolocalization of 

creatine transporter was performed in both normal and detached retinas enlightening 

on the glio-neuronal metabolic relations. Amino acid distribution in normal and 

degenerating retina post-radiation retinopathy was also analysed. The principal aims 

of the thesis discussed in the introduction are individually considered in the following 

summary:   

 
Specific Aim 1: Assess functional remodelling 

(a) Compare a functional profile map of ionotropic glutamate receptors in normal 

human mid-peripheral retina with that of retinal samples from RRD using an 

organic cation (AGB) to probe functional glutamate receptors. 

 

We observed that the normal mid-peripheral human retina differs in the amount of 

activation to the one documented in the posterior pole of other mammalians. 

However, consistency was observed in terms of identified neurons expressing a given 

functional ionotropic receptor. Non-NMDA receptor activation led to AGB labelling 

indicative of functional ionotropic glutamate receptors in horizontal cells. In addition, 

the H2 population may preferentially express AMPA receptors. The canonical 

segregation between hyperpolarizing and depolarizing bipolar cells was confirmed as 

virtually no ON bipolar cell presented AMPA/KA functional receptors while many 

DB3 OFF bipolar cells labelled with AGB post-KA activation. Virtually all AII 
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amacrine cells demontrated AMPA functional receptors whereas NMDA receptor 

showed levels comparable to basal conditions. This functional activation profile of 

ionotropic glutamate receptors in human retina is employable as a reference to be 

compared with age-matched peripheral retinopathies, such as retinitis pigmentosa, 

retinal detachment, retinal angiopathies and more extensive forms of age-related 

retinopathy. 

 

Regarding functional changes secondary to retinal detachment, the major observation 

was the increased expression of functional KA receptors by ON bipolar cells. This 

phenomenon seems to be part of the phenotypical revision from these neurons after 

extensive photoreceptor cell death and reconnections with surviving photoreceptors. 

The ensuing corrupted circuitry appears to corroborate for the incomplete visual 

recovery post-retinal reattachment.  

 

 

(b) Compare the metabolic profile using creatine transporter (CRT) labelling in 

mid-peripheral retina with that of retinal samples from RRD. 

 

CRT is expressed in areas of intense metabolic activity such as photoreceptors, 

selected cells in the inner retina and sites of creatine transport into the retina (inner 

retinal blood vessels and retinal pigment epithelium).  The absence of CRT to Müller 

cells harmonizes with the concept that glial cells are a biosynthetical source of 

creatine, although its provision to other retinal cells may not occur. In RRD, CRT 

immunolabelling is preserved in the inner retina. However, the increased 

immunolabelling of CRT localized to the outer retina may be associated with a 

regional metabolic remodelling occurring in photoreceptor cells. 

 

 

(c) Compare the distribution pattern of the amino acid neurotransmitters in 

normal and a sample of retina with radiation retinopathy. 

 
The radiation retinopathy sample revealed redistribution of neuroactive amino acids 

and strongly suggested that this occur due to metabolic disruption of Müller cell-
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neuronal relations via depletion of intermediaries of the metabolic (TCA cycle) and 

disturbance of neurotransmission pathways.  

 

Specific Aim 2: Assess anatomical remodelling 

Compare anatomical profiles of neurons and glia in normal human mid-peripheral 

retina with that of retinal samples from RRD using a range of macromolecular 

markers. 

 

In terms of anatomical cellular remodelling there were four new findings in human 

rhegmatogenous retinal detachment. Firstly, nuclear kinesis was documented in 

depolarizing bipolar cells crossing the outer synaptic layer. Secondly, ON bipolar 

cells along with horizontal cells were shown to sprout to the outer nuclear layer and 

these populations were precisely the only ones that revealed increased cation channel 

permeability. This correlation may be implicated with the fact the OFF bipolar cells 

do not sprout in RRD and many other forms of retinal degeneration. The third 

observation refers to an inward and extensive sprouting from horizontal cells, also 

unreported in other studies on human retinal detachment. The last novel finding 

observed in primary retinal detachment was the projection of photoreceptor 

extensions beyond the outer synaptic layer towards the inner retina. These findings 

extend the spectrum of anatomical remodelling phenomena documented in retinal 

neurons after RRD. The presence of beaded varicosities immunopositive for 

synaptophysin in those sprouting neurites may indicate rudimentary signalling profile.  

Their similarity with other forms of retinal degeneration seems to support the notion 

that the inner retina responds in a stereotypical manner to deafferentation. 
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