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Abstract 

 

Purpose: 

To establish a novel model of rodent optic nerve damage in order to investigate glial 

changes occurring in retrobulbar portion of the optic nerve after the injury and to 

facilitate development of neuroprotective agents. 

 

Methods: 

Rats (200-250g) were first anaesthetised via intraperitoneal approach with a mixture of 

Xylazine and Ketamine. An incision was made through superior conjunctiva and Tenon’s 

capsule and orbital portion of the optic nerve exposed. Argon green laser (514nm) with 

50mW power was shone for 30 sec on the retrobulbar portion of the optic nerve 

immediately posterior to the globe. Animals were left alive for variable number of days 

post induction of neuropathy. Haematoxylin and eosin as well as variety of 

immunohistochemichal stains have been used to investigate glial changes in the optic 

nerve at different time points after the injury. Connexin43 Antisense 

Oligodeoxynucleotide has been investigated as a potential neuroprotective agent 

following the optic nerve injury. 

 



Results: 

Glial changes have been documented following laser-induced injury to the optic nerve. 

No optic nerve head swelling has been observed at any time point after the injury. 

There was no statistically significant increase in lesion size between different time points. 

Significant inflammatory response was observed in the optic nerve from early time points 

after the injury through to the last follow up at one month. 

Connexin43 was shown to have a prominent role in glial inflammatory changes in the 

optic nerve following laser-induced retrobulbar optic neuropathy. 

Connexin43 Antisense Oligodeoxynucleotide was not effective in reducing the size of the 

lesion or modifying inflammatory response in the damaged optic nerves. 

 

Conclusion: 

A novel model of rodent retrobulbar optic neuropathy has been established with well 

documented glial changes at different time points after the injury.  

Connexin43 plays an important role in early as well as late inflammatory response to 

injury in the retrobulbar portion of the optic nerve. 
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Aims of the project 

 

 

1) To establish a rodent model of laser-induced retrobulbar optic nerve injury 

 

2) To investigate the presence of optic nerve head swelling following the injury to the 

retrobulbar portion of the optic nerve 

 

3) To investigate cellular changes within the optic nerve following the injury and detail 

its temporal pattern 

 

4) To investigate lesion spread over time within the optic nerve following the injury 

 

5) To document Cx43 expression and its changes within the optic nerve following the 

injury and detail its temporal pattern 

 

6) To investigate whether Cx43 specific AS-ODN (Cx43 AS-ODN) is effective at 

reducing lesion spread and limiting the amount of damage to the retrobulbar optic 

nerve following the injury 
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Mammalian optic nerve on a cellular level 
 

 

The optic nerve, or cranial nerve II, is a specialised white matter tract that carries visual 

information from the retina to the brain. Its main constituents are axons of the retinal ganglion 

cells (RGC), supportive glial tissue and blood vessels. Glial tissue consists of microglia, 

astrocytes, both within the optic nerve head and posterior to the globe, and oligodendrocytes 

which myelinate the retrobulbar portion of RGC axons. By volume, glial tissue occupies by 

far the majority of space within the optic nerve when compared to axons. From the point of 

view of blood supply, the optic nerve can be divided into three parts: intracranial, 

intracanalicular and orbital. All three parts are supplied by a continuous pial plexus which 

receives contributions from the branches of the internal carotid artery1. The intracranial 

portion of the optic nerve receives the recurrent branch of the anterior superior hypophyseal 

artery and small recurrent branches of the ophthalmic artery. The intracanalicular portion is 

supplied by branches of the ophthalmic artery which are given off distal to the optic canal; 

and the orbital portion of the nerve receives its blood supply from the posterior ciliary arteries 

giving off branches to the pial plexus along most of its length
1
. In humans, the central retinal 

artery pierces the dura and enters the optic nerve about 1-2 mm posterior to the globe
1
. It is 

responsible for supplying the superficial nerve fibre layer of the optic nerve
2, 3

, while laminar 

and deep portions of the optic disc (the very anterior parts of the optic nerve) are supplied by 

short posterior ciliary arteries which in the majority of cases form circular anterior 

anastomoses of Zinn-Haller at the scleral level.
1, 2

 In rats, the central retinal artery travels 

along the inferior aspect of the optic nerve and enters it from below, also about 1-2 mm 

posterior to the globe
4, 5

 .The optic nerve is surrounded by all three meningeal layers of the 

brain: dura, arachnoid and pia mater.   
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Gap junctions in the optic nerve 

General overview 

Since early 1990’s there has been an explosion of publications in the scientific literature about 

gap junctions and their constituent proteins called connexins.   Many insights have been 

gained into the structure, distribution and function of gap junctions in a variety of tissues 

during both normal physiological activity and in pathological processes. In particular a lot of 

work has been done in the area of discovering the role of gap junctions in the central nervous 

system (CNS) with the view to gaining better understanding of this intricate and immensely 

complex body system. Furthermore, active research is being conducted to develop novel 

treatment approaches for certain CNS conditions, such as acute ischaemic insults, which 

involves temporarily altering the function of gap junctions. The intention of this review is to 

summarise the available information on the presence of gap junctions and their role in one 

specialised part of the CNS - the optic nerve. 

Gap junctions are intercellular communication channels which allow passage of small 

molecules up to about 1kDa in size between two neighbouring cells
6, 7

 Each gap junction 

consists of two units called connexons which are located in the cell membrane. A connexon 

not coupled to another connexon on the adjacent cell membrane is also termed a hemichannel. 

Each connexon in turn is made up of six proteins – connexins. To date there have been 21  

and 20 connexin genes identified in human  and mouse genomes respectively8.  Gap junctions 

can be comprised of a pair of identical connexons (homotypic) as well as different ones 

(heterotypic), however not all combinations are possible and some will not form a functional 

gap junction
9, 10

. Connexons can also be made of six identical protein subunits (homomeric) 

or a combination of different connexins (heteromeric)
11, 12

. Two connexons on neighbouring 

cells of the same cell type form a homologous gap junction, as opposed to a heterologous gap 
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junction formed between different cell types.
12

  Nomenclature of the connexin proteins 

depends on their molecular weight. For example molecular weight of the connexin 43 is 

43,000 Da
8
. Connexins are commonly designated as Cx followed by their molecular weight, 

e.g. Cx32, Cx45 etc.  

 

Gap junctions in oligodendrocytes 

Oligodendrocytes are one of the main constituents of glia in the CNS, including the optic 

nerve. They form myelin sheaths which wrap around individual axons thereby electrically 

isolating them from one another and increasing the conduction speed of electrical impulses in 

the neurones. It has been shown that in the rat optic nerve each oligodendrocyte gives off 20-

30 parallel processes of about 150-200 µm in length.
13

 These processes run exclusively 

parallel to the longitudinal axis of the optic nerve and are connected to the cell body by thin 

radial processes of 15-30 µm in length.13 Oligodendrocytes do not carry out their supportive 

role to neurones independently but as a part of neuroglial syncytium where they are 

extensively coupled via gap junctions to astrocytes
14-17

. In fact it is postulated that it is via 

astrocyte-oligodendrocyte gap junctions that oligodendrocytes are able to communicate with 

one another
18, 19

 as they have only rarely been seen to form gap junction communication 

channels directly with each other
14-16, 20

. To date there have been three different connexins 

identified in oligodendrocytes: Cx32
21-25

, Cx29
26, 27

 and Cx47
28, 29

. These connexins are not 

only required for cell to cell communication but are also essential for normal myelin 

formation and function of the CNS. The importance of oligodendroglial connexins can be 

demonstrated by studying the effects of either their absence or abnormal function as a result 

of mutations coding for these proteins. Such abnormalities can be observed both in humans, 

where mutations in certain connexin genes result in distinct pathological presentations, or in 

knock-out animals, where one or more of the connexins can be removed (knocked out) to 



~ 8 ~ 

 

elucidate its function in the CNS. Mutations in the Connexin32 gene in humans result in X-

linked Charcot-Marie-Tooth (CMTX) disease
30

, a form of hereditary progressive motor and 

sensory neuropathy which is thought to affect the peripheral nervous system (PNS), typically 

manifesting with distal muscle weakness and sensory loss, and no CNS involvement.
31, 32

 It 

has been postulated that this may be due to the fact that other connexins may be able to 

substitute for the function of Cx32 in oligodendrocytes in the CNS but not in the Schwann 

cells in the PNS.30 However there is a growing body of evidence, primarily as multiple case 

reports (this is due to the fact that more than 200 different mutations in the gene coding for 

connexin32 have been identified so far
32

, thus making grouping of patients with different 

mutations somewhat problematic), that patients with CMTX disease also have a subclinical 

or, on occasion, frank but transient manifestation of CNS involvement.
32-40

 Subclinical CNS 

involvement was demonstrated by abnormal electrophysiological tests in patients with proven 

CMTX disease, including prolonged latencies of visual evoked potentials
33, 39

 and slowing of 

conduction during brainstem evoked auditory potentials (BAEPs) in the pattern consistent 

with involvement of the central portion in the brainstem auditory pathways, which is 

myelinated by oligodendrocytes (as opposed to the distal portion of the cranial nerve VIII 

myelinated by the Schwann cells).
34, 37, 39

 Other reports described a frank manifestation of 

transient CNS symptoms consisting of varying degrees of paresis, dysarthria, ataxia and 

aphasia either after patients with proven CMTX have been to high altitude (after a ski trip)
36

 

or patients developing such episodes without any specific antecedent.
35, 38

 All of these patients 

demonstrated white matter lesions in different regions of the brain on magnetic resonance 

imaging (MRI) scans which resolved within a period of about one year. Basri et al40 have 

recently reported a case of a female patient with CMTX who showed permanent scattered 

white matter lesions in her brain on MRI scan. A rodent (mouse) model of Cx32 knock-out 

produced fertile animals with no appreciable behavioural deviation
41, 42

 which, like their 
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human counterparts with Cx32 mutations, have demonstrated delayed progressive 

demyelination of their peripheral nerves.
42, 43

 Their CNS myelin in the optic nerve and spinal 

cord was not affected.
43

 This absence of CNS involvement in the animal model points to the 

possibility of another oligodendrocytic connexin substituting for the function of the absent 

Cx32 and probably to a degree of redundancy within the system. However subclinical CNS 

manifestations in the human form of CMTX discussed above may indicate a difference in 

function for Cx32 between the two species, or possibly a lesser degree of redundancy or 

ability of other connexins to compensate for the absence of Cx32 in humans. 

Cx47 was initially localised to neurones
44

, but this was not confirmed by later studies which 

located it to oligodendrocytes
28, 29

 in CNS. It is also possibly located in Schwann cells 

(although there is no direct evidence of this) of PNS in humans
45

 but not in rodent peripheral 

nerves.
29, 44

 Knock out of Cx47 in mice seemed to cause little trouble producing animals with 

no obvious behavioural abnormalities and no evidence of demyelination in their spinal cords 

up to 26 weeks of age.28 However Odermatt et al29 reported sporadic vacuolation of nerve 

fibres in the proximal segment of the optic nerve in homozygous Cx47 knock-out mice. This 

may point either to greater importance of Cx47 for normal function of oligodendrocytes or to 

the inability of other oligodendrocytic connexins to take over its function to the same degree 

as happens in Cx32 deficient animals. These two possibilities seem to be supported by the 

data obtained from human patients with Pelizaeus-Merzbacher-like disease. Uhlenberg
45

 

reported a family with this disorder (which is characterised by severe CNS manifestations 

such as nystagmus, ataxia, impaired motor development, choreoathetoid movements, and 

progressive spasticity) to have a mutation in Cx47 coding gene, indicating the importance of 

this gene for normal myelin formation and function in CNS. This is in contrast to patients 

with CMTX disease and mutations in the gene coding for Cx32, where CNS manifestations 

are either subclinical or transient as mentioned above. 
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It appears that Cx32 and Cx47 are likely to carry out somewhat similar and, probably to a 

degree, redundant (more in regards of Cx32 than Cx47) function in CNS oligodendrocytes. 

Several lines of evidence support this hypothesis. The first is that Cx32 knock-out mice do not 

manifest any obvious neurological abnormalities in up to 15 months of observation
42

 and were 

not demonstrated to have CNS myelin-related pathology.
41, 43

 Secondly, some human patients 

with Cx32 mutations develop only mild or transient CNS involvement. And the third line of 

evidence is coming from animal research where Cx47 has been demonstrated to have high 

level of co-localisation with Cx32 in oligodendrocytes in both grey and white matter of the 

mouse spinal cord
28, 46

, thus further indicating the possibility of similarities and redundancy of 

their function.  

The importance of Cx32 and Cx47 in CNS is highlighted by the work of Menichella et al
28

 

and Odermatt et al
29

 who demonstrated that double knock-out mice lacking both Cx32 and 

Cx47 showed a severe abnormality in myelination within their CNS, including the optic 

nerve, which led to tonic seizures and ultimately to the animals death at around 6-7 weeks 

after birth. 

Cx29 is the third connexin found to be expressed in oligodendrocytes.
26, 46, 47

 It appears that 

Cx29 plays a relatively little and as yet not understood role in normal myelin formation and 

function. Cx29 knock-out mice were found to be fertile and did not exhibit any gross 

neurological or behavioural abnormalities.
46, 47

 Their optic nerve and other CNS and PNS 

tissue did not show any morphological differences to wild type animals.
47

 They also 

demonstrated normal CNS and PNS function with no difference in visual evoked potentials, 

auditory brain stem responses and sciatic nerve conduction studies from their wild type 

counterparts.47 Such normal function was preserved in young animals (24 day old) as well as 

in adult mice (up to 14 months old).
47

 Cx29 is unlikely to perform a similar role to either 

Cx32 or Cx47 as it has not been shown to co-localise with either of them.
26-28, 46, 48

 It would be 
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interesting to see what effect is produced by double knock-out of Cx29 and Cx32 in mice, as 

no morphological changes have been demonstrated in CNS tissue of animals with knock outs 

of either Cx29 or Cx32 on their own. No CNS disorder in humans has so far been linked to 

mutation in the Cx29 gene. 

 

Gap junctions in astrocytes and vascular endothelium 

Astrocytes, along with oligodendrocytes, are the two main glial cell types in the CNS. Their 

main role is maintenance of homeostasis of the neural tissue by being involved in spatial 

buffering of extracellular ions, in particular extracellular K
+
, glutamate and H

+49
. Neuronal 

activity generates a substantial increase in K
+
 concentration in intercellular clefts, which, if 

not removed in a timely manner, can result in toxic effects. Such elevation of K
+
 levels causes 

depolarisation of the nearby glial cells50 and uptake of extra K+ into those cells. From there it 

is redistributed through the cytoplasm of an extensive network of astrocytes coupled with 

each other via gap junctions to form what is termed a “functional syncytia”
12, 19

, and the K
+
 

redirected from areas of higher concentration to those with a lower one. It has also been 

postulated that astrocytic functional syncytia can provide direct access to the perivascular 

space for excess of K
+
 via gap junction coupling between astrocytes and endothelial cells

51
. 

Astrocytes express three types of connexin proteins: Cx43, Cx30 and Cx26
12, 28, 52

. Of these, 

Cx43 is the most ubiquitously present not only in astrocytes but in the whole of the CNS
16, 53

. 

Cx43 is present within both white and grey matter with highly variable distribution within the 

CNS12, 54. In addition Cx43 has also been found in ependymocytes (cells lining the ventricles 

in the brain and spinal canal).
55

 As well as being a major connexin in the CNS, Cx43 is also 

one of the main gap junction proteins in the endothelium of the vascular tree
56-58

.  

Here it is involved in the so called neurovascular coupling – control of cerebral 

microcirculation by neuronal activity through conduction of vasoactive signals by the Cx43 
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coupled astrocytic network
59, 60

. Astrocytes are ideally positioned for this, as their endfeet 

ensheath the capillaries, covering more than 99% of the intracerebral vascular surface
61

, and 

their multiple processes form a functional syncytium with other glial cells, such as 

oligodendrocytes, which are in close approximation to neurones. The importance of Cx43 for 

development and normal function of the organism is highlighted by the fact that homozygous 

Cx43-knockout transgenic mice die shortly after birth due to significant vascular 

malformations and blockage of the right ventricular outflow tract62. Other connexins 

expressed on vascular endothelial cells are Cx37 and Cx4058, 63, 64. 

Cx30 is also abundantly present on astrocytes and has previously been demonstrated to co-

localise with Cx43 within astrocytic gap junctional plaques in the CNS
12, 16, 65

. However, 

expression of Cx30 differs to that of Cx43 as it was not detectable in white matter tracts such 

as the anterior commisure and internal capsule, indicating that white matter astrocytes are 

lacking in this connexin
65

. Expression in the grey matter is heterogeneous throughout CNS 

with high levels of expression in cerebellum, thalamus, hippocampus and leptomeningeal 

cells66-68. 

Cx26 is the third connexin expressed by astrocytes and has been shown to form interastrocytic 

gap junctions, as well as heterologous gap junctions between astrocytes and oligodendrocytes 

by coupling with Cx32 from the oligodendrocyte side
52

. Similar to Cx30, it too was not 

detected in the white matter of the CNS (white matter of the spinal cord), but only in the grey 

matter
46, 52

. However, the conclusion that Cx26 is expressed in the astrocytes is not a solid one 

and there is debate in the literature regarding its presence in astrocytic gap junctions. This is 

because several studies that did examine its expression used an antibody which cross-reacts 

with Cx3069.  The current thinking is that if Cx26 is expressed by astrocytes, it is at a fairly 

low level
69

. 
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Thus it would appear that in white matter tracts there is abundant expression of Cx43 in the 

astrocytes but not Cx30 or Cx26, both of which have only been found on astrocytes in grey 

matter. This bears significance for pure white matter tracts such as optic nerve, where Cx43 is 

the only astrocytic connexin responsible for coupling of the glial cells, by means of both 

homotypical and heterotypical gap junctions, to form a functional panglial syncytium in order 

to maintain homeostasis of the neural tissue.  

Cx26 is also co-localised with Cx30 and Cx43 in leptomeningeal gap junctions where all of 

these proteins were abundantly expressed52. 

In order to form a functional syncytium involving several different glial cells, connexins in 

astrocytes and oligodendrocytes need to be able to form homotypic as well as heterotypic gap 

junctions. Cx43 and Cx30 have been shown to form Cx43/Cx43 and Cx30/Cx30 gap 

junctions in single cells before
70, 71

. It is proposed that most of the astrocyte to astrocyte 

coupling occurs through Cx43/Cx43 channels or to the lesser extent through Cx30/Cx30 

channels (in the grey matter)69, since a combination of Cx43 and Cx30 connexins has been 

tested in model systems and shown not to form a functional communication channel72. In the 

white matter tracts, such as optic nerve, astrocyte to astrocyte communication would have to 

be exclusively through Cx43/Cx43 gap junctions (since as noted above, neither Cx30 nor 

Cx26 have been detected in white matter).  

Coupling of oligodendrocytes and astrocytes together would have to involve heterotypic gap 

junctions as both types of cells express different connexins. Pairings of Cx43/Cx47 and 

Cx30/Cx32 do form functional gap junctions, but Cx43/C32 and Cx30/Cx47 do not
72

. 
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Gap junctions in microglia 

Microglia is another important glial constituent, comprised of small cells which are resident 

macrophages of the CNS
73

. Under physiologic conditions they exist in a non-activated form 

and their main role is to function as the brain and spinal cord’s innate immune system
74

. 

Under pathologic conditions of acute ischaemic or traumatic insult microglia can become 

activated and differentiate into macrophages
75

. In such conditions microglia also can be 

acutely blood derived with cells of the myeloid lineage, i.e. macrophages, entering the CNS 

and differentiating into microglial cells
76, 77

. Activated microglia proliferate and migrate to 

any site of damage in the CNS where they secrete both pro-inflammatory and anti-

inflammatory factors and chemochines, as well as phagocytosing cellular debris75. Microglial 

cells in culture have been shown to express Cx43 and form functional gap junctions
78, 79

. 

When exposed to pro-inflammatory cytokines, such as interferon-γ or TNF-α or bacterial 

lipopolisaccharide, microglial cells in culture have been shown to upregulate Cx43 

expression, thus implicating Cx43 in the inflammatory response in the CNS
78

. 

 

Role of hemichannels in the cells of the glia 

As can be seen, communication between glial cells in the CNS is very sophisticated, with a 

multiple number of ways in which cells are able to interact with one another and directly 

exchange information and metabolites in order to maintain stable homeostasis during neuronal 

activity. To complicate things even further, it has been shown that not only can neighbouring 

cells exchange signals or metabolites directly via functional gap junctions, but also 

hemichannels (or connexons) can become open and expose cytoplasmic millieu to the 

extracellular environment without forming a gap junction. This was first recorded for 

hemichannels composed of connexin46, a crystalline lens connexin, which were shown to 
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become open in Xenopus oocytes leading to rapid cell death
80

. Subsequently, hemichannels 

made up of other connexins, including Cx32 and Cx43, have been demonstrated to generate 

hemichannel currents
81, 82

. It has become apparent that low levels of extracellular Ca
2+

, at the 

level that can be found during acute ischaemia or under physiologic stress of the CNS, 

enhances the opening of the hemichannels causing their “leakiness”
81-83

. Such “leakiness” 

under ischaemic conditions can potentiate release of ATP
84

, which has been shown to be pro-

inflammatory85, 86, and glutamate87, which in excessive doses can lead to neuronal 

excitotoxicity. Under physiological conditions, transient opening of hemichannels does not 

lead to cell death as the fraction of surface hemichannels that are open at any one time is very 

low
53

.  

Enhanced permeation of extracellular Lucifer yellow dye into the cytoplasm of cultured 

astrocytes has been shown under conditions of metabolic inhibition in so called “chemical 

ischaemia”, thus suggesting opening of unopposed Cx43 hemichannels at the time of stress on 

cellular physiological processes88. Application of lanthanum ions (La3+), that block 

hemichannels but not gap junctions, reduced this permeation and delayed cell death, further 

supporting evidence for opening of unopposed Cx43 hemichannels during metabolic 

inhibition and their deleterious effect on cellular function and integrity in such 

circumstances
88

. The other important contributors that have been shown to influence both 

hemichannels and gap junction activity (interestingly in opposite directions) are inflammatory 

cytokines. By culturing astrocytes with either activated microglia or conditioned medium 

harvested from activated microglial cells, Meme et al were able to show that the inflammatory 

cytokine interleukin-1ß (IL-1ß) and tumour necrosis factor-α (TNF-α) downregulated Cx43 

expression in astrocytes and inhibited communication between the astrocytes via Cx43 gap 

junctions
89

. Another study of astrocytic Cx43 hemichannels in the presence of activated 

microglia or a mixture of IL-1ß and TNF-α demonstrated increased astrocyte permeability to 
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ethidium bromide through Cx43 hemichannels, while also inhibiting communication via gap 

junctions
90

. It was suggested that an inflammatory environment around astrocytes increases 

the probability of Cx43 hemichannel opening, as expression of Cx43 protein itself was 

inhibited
90

. Such opposite behaviour of Cx43 gap junctions and hemichannels under 

inflammatory conditions is intriguing and confusing. There are multiple studies in the 

literature, which will be discussed below, that demonstrate contradictory results in terms of 

reduction or augmentation of tissue damage following inhibition of Cx43 gap junction 

communication in the CNS. The question that is being asked is whether Cx43 gap junction 

communication is beneficial, by attempting to rescue stressed or damaged cells by transferring 

ions and essential metabolites from their healthy neighbours, or is it damaging – by 

compromising health of the undamaged neighbouring cells due to loss of the important 

metabolic compounds, or by spreading toxic molecules and thus leading to the expansion of 

the lesion, so called “bystander killing”. 

To add further sophistication to the picture of intercellular communication in the CNS, it 

appears that at least in part, purinergic receptors (in particular P2X7), which have been shown 

to be expressed on astrocytes
91, 92

 and microglia
85

, are also responsible for astrocytic release 

of glutamate under ischaemic conditions
93

. This is supposedly due to the ability of these 

receptors to form permeable channels when activated and to undergo a further “dilation” 

during prolonged exposure to an agonist (such as ATP), thus allowing for passage of 

molecules as large as 900Da in some tissues
94

.  Complexity increases even further with 

unravelling the role of non-junctional channels formed by another gap junction family of 

proteins, pannexins, in proposed paracrine release of ATP from astrocytes and modulating 

intercellular Ca2+ wave propagation95. 
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Cx43 and acute C
S ischaemia 

There is little doubt that Cx43 plays an important role in the CNS, primarily by facilitating 

cellular interaction to form a functional panglial syncytium necessary to maintain homeostasis 

and proper function of the neurons.  Cx43 protein is involved in both formation of the 

functional gap junctions and unopposed hemichannels. It is interesting to note that in vitro 

studies show an opposite type of behaviour under ischaemic/hypoxic or physiologically 

stressful conditions between Cx43 hemichannels and Cx43 gap junctions as mentioned above, 

with Cx43 gap junctions demonstrating downregulation
89, 90, 96, 97

 but Cx43 hemichannels 

showing increased probability of being open88, 90. 

Studies have been conducted to investigate changes in Cx43 expression during acute 

ischaemia in a variety of in vivo animal models. A similar pattern of alteration in Cx43 

expression was observed in both a rat model of global ischaemia, where both carotid arteries 

were transiently occluded
98

, and a rat model of focal ischaemia, where only the middle 

cerebral artery was transiently occluded
99

. In cases of severe injury in the global ischaemia 

study, there were areas of reduced Cx43 immunostaining in the striatum (a vulnerable region 

of the brain when extracranial vessels are occluded) surrounded by areas of increased Cx43 

immunoreactivity. Such findings were present at two days and to a lesser extent at seven days 

following induction of the injury98. In the study of focal ischaemia following occlusion of the 

middle cerebral artery, dephosphorylation of the intact Cx43 gap junctions and their 

internalisation at the core of the lesion in several affected brain areas was demonstrated within 

one hour of the artery occlusion while “unphosphorylated Cx43 persisted at intact gap 

junctions confined to a thin corridor at the ischaemic penumbra”
99

.  

This kind of upregulation of Cx43 expression at the border of the lesion was also found in the 

photothrombotic model of focal brain ischaemia employed by Haupt et al100, 101. In their 

model they have illuminated a focal area on a rat’s skull with a cold light source delivered via 
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an optic fibre bundle (wavelength of the light is not mentioned but in the original paper by 

Watson et al
102

 green light of 560nm wavelength was used) for 20 minutes and infused a 

photothrombotic dye Rose Bengal via a canulated femoral vein of the rat during the first 

minute of light exposure. They demonstrated a slightly increased level of GFAP 

immunoreactivity, signifying early stages of astrocytosis, at the border of the lesion as early 

as one day following the injury, with signal intensity increasing markedly by day three and 

persisting at this higher level at day seven. Eventually, by day 60, this area of increased GFAP 

staining adjacent to the lesion became just a thin border. The process of astrocytic 

proliferation and activation in the region bordering the lesion itself was confirmed by showing 

that astrocytes in this area took up a thymidine analogue BrdU and also stained positively for 

the intermediate filament nestin (a marker of reactive astrocytes). These activated astrocytes 

densely packed around the border of the lesion displayed a high degree of Cx43 mRNA 

expression. The pattern of Cx43 upregulation at the border of the lesion followed that of 

GFAP and persisted though to day 60, by which point it also became localised to just a thin 

border. Thus Cx43 has been shown to be involved in reactive astrocytosis and glial scar 

formation around the lesion from early stages following the injury. 

Interestingly, similar results, showing  a thin area of Cx43 upregulation co-localising with 

area of enhanced GFAP staining, signifying active astrocytosis, have also been shown in 

different traumatic models of CNS injury with compressive
103, 104

 and transection injury
105, 106

 

to the spinal cord.  

In the human brain, astrocytic activation and Cx43 upregulation along the border of a CNS 

lesion follow a similar pattern to that described in rodent models. Nakase et al analysed the 

brains of five patients who had died following an acute embolic stroke (acute model) and four 

patients who had died of other unrelated reasons but who had evidence of multiple previous 

strokes (chronic model)
107

. Four out of five patients in the acute group died four days 
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following presentation and one died two days after presenting. In both the acute and chronic 

models “astrocytes were strongly activated in penumbral lesions”. Cx43 staining was also 

increased and co-localised with areas of astrocytosis as well as being “significantly amplified 

in the penumbra of the chronic model compared to that of the acute model”. Whether the 

word “penumbra” should be employed after a considerable time has passed since initial injury 

will be discussed later. 

 

Inhibition of Cx43 gap junction and its effect on acute C
S ischaemia 

Cx43 mediated bystander killing 

The fact that there are changes in Cx43 expression following acute CNS injury is well 

established. What is less clear is whether these changes are ultimately beneficial and limit the 

extent of the resultant injury, or are deleterious, promoting expansion of the lesion within the 

CNS, to include areas initially not affected by the acute insult. 

A key concept in this argument is the so called Cx43 bystander-mediated killing. It was noted 

in cancer research that tumours treated with ganciclovir regressed if they were transfected 

with a herpes simplex virus’ (HSV) thymidine kinase gene that phosphorylated the 

ganciclovir prodrug, resulting in its incorporation into a cell’s DNA followed by arrest of 

replication and cell death. What was intriguing about this finding was that tumours regressed 

even if only a fraction of the tumour cells contained the viral thymidine kinase gene108. This 

finding implied that tumour cells without HSV thymidine kinase were being killed by transfer 

of the phosphorylated form of ganciclovir from their thymidine kinase expressing neighbours 

via some sort of mechanism.  

Further investigations with HeLa cells
109

 that demonstrate a poor level of communication with 

one another, showed that ganciclovir resulted in death of only HSV thymidine kinase 
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transfected cells and not of their non-transfected neighbours when cells were mixed together. 

But when the HeLa cells were transfected with a gene coding for Cx43, then both thymidine 

kinase positive and negative cells died following exposure to ganciclovir. More support for 

Cx43 being involved in bystander killing was lent by a study looking at C6 glioma cells 

overexpressing the bcl2 gene, thus conferring increased resistance to injury to those cells
110

. 

When bcl2 positive and negative glioma cells were transfected with Cx43, mixed together (in 

a ratio of 100 bcl2 negative cells for every bcl2 positive cell) and exposed to a calcium 

ionophore, 95% of bcl2 positive cells died together with all of the bcl2 negative cells. 

However, when bcl2 positive cells were exposed to the same environment on their own, only 

5% died. Furthermore, cell to cell contact was required for killing of bcl2 positive cells, as 

transfer of conditioned medium from dying bcl2 negative cells to bcl2 positive cells did not 

result in a higher percentage of death of the bcl2 positive cells. Application of the gap 

junction channel inhibitor 18-alpha-glycyrrhetinic acid to the mixture of cells markedly 

decreased the incidence of bcl2 positive cell death. Ratio of resistant to vulnerable cells was 

found to affect bystander killing – with ratios of high resistance cells to low resistance cells 

being between 1:100 and 1:10 bearing no effect on death rates of resistant cells, but with ratio 

of 1:5 bystander killing was reduced to 31% and abolished all together at ratio of 1:3. 

An interesting detail of this study was that astrocytes were shown to be much less efficient at 

propagating the injury than C6 glioma cells. When Cx43 expressing bcl2 positive glioma cells 

were mixed with astrocytes, only 27% of glioma cells died following ionophore exposure at a 

level lethal to astrocytes. The authors proposed that this is due to relatively early loss of 

plasma membrane integrity in astrocytes during metabolic stress compared to glioma cells. 

Such loss of membrane integrity leads to uncoupling of gap junctions in astrocytes. 
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Inhibition of Cx43 protein, gap junctions and hemichannels – an ongoing debate 

The concept of bystander killing has generated a multitude of studies attempting to reduce 

intercellular communication via Cx43 gap junctions in order to save neighbouring cells that 

may have escaped initial metabolic insult. Several excellent reviews are available in the 

literature summarising their results
53, 111, 112

. Conflicting findings, however, is a common 

theme throughout the variety of methods employed. 

Global gap junction blockers such as carbenoxolone and octanol have been shown to have a 

neuroprotective role in some experiments such as with organotypic hippocampal slices 

exposed to traumatic weight drop injury
113

 or ischaemia simulating conditions
114, 115

. Yet in 

other experiments, global gap junction blockade with halothane, 18-alpha-glycyrrhetinic acid 

or carbenoxolone has exacerbated metabolic injury to cells
116-118

. In vivo studies of rodent 

brain ischaemia, using pre-treatment with intraperitoneal octanol
119, 120

 or direct delivery of 

carbenoxolone to the site of brain injury
121

, resulted in significant reduction in infarct volume 

and neuronal cell death.  However, one of the big criticisms of global gap junction blockers is 

that they are non-specific and some of them, such as halothane and carbenoxolone, also 

reduce transmission at chemical synapses compounding the effects they have on gap 

junctions
53

. 

Investigating effects of CNS ischaemia on heterozygous Cx43 knock-out mice (homozygous 

animals die at birth) with a reduced level of Cx43 throughout their bodies has demonstrated 

an increase in stroke volume in these animals compared to wildtype
122-124

. The argument has 

been made however that such global reduction of Cx43 expression may have unwanted effects 

on other cell types in the organism which may contribute to exacerbation of injury. To 

overcome that, transgenic mice lacking Cx43 expression only in their astrocytes but having 

normal levels elsewhere have been bred and used in a similar set of experiments. These too 

showed significantly increased infarct volume in astrocyte-specific Cx43 deficient animals
125

.  
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Investigations employing more specific blockade of Cx43 gap junctions with Cx43 antisense 

oligodeoxynucleotides (Cx43 AS-ODN) yielded more consistent results of neuroprotection in 

in vitro studies involving traumatic
113

 and ischaemic
114

 models with organotypic hippocampal 

slices as well as in optic nerve ischaemia
126

. Danesh-Meyer et al
126

 demonstrated significant 

reduction of astrocytic and microglial activation as well as Cx43 expression in an organotypic 

model of optic nerve ischaemia following treatment with Cx43 specific AS-ODN compared 

with control optic nerves. 

Mimetic peptides are a small peptide sequence against extracellular region of the connexin 

molecule. They regulate both Cx43 hemichannels (at low concentration) and gap junctions (at 

high concentration) independently of each other. An ex vivo model of spinal cord injury 

demonstrated significant reduction in tissue swelling, astrocytic activation and neuronal loss 

when mimetic peptides were used at lower concentrations
127

.  

At the same time, Cx43 AS-ODN has also been used in in vivo models of partial spinal cord 

transection and spinal cord compression injury in a rat106. There was a significant reduction in 

tissue swelling and disruption as well as a reduction in microglia and astrocytic infiltration in 

animals treated with AS-ODN as compared to controls in both models. Functional 

improvement, as assessed by animal locomotor recovery following compression injury to the 

spinal cord, was also significantly improved in animals in which Cx43 protein translation was 

transiently inhibited by AS-ODN compared to the untreated group. 
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White matter stroke – penumbra and               

cellular changes 

Ischaemic penumbra 

The word penumbra is Latin derivative from “paene” = almost and “umbra” = shadow. In 

astronomy this refers to the half-shaded zone around the centre of a complete solar eclipse, 

between regions of complete shadow and complete illumination. It is in analogy to this 

astronomical phenomenon that Astrup et al
128

 first defined ischaemic penumbra in 1981 as an 

area of the ischaemic brain with reduced cerebral blood flow to the point where electrical 

activity is absent, but ion homeostasis and transmembrane electrical potentials are preserved. 

Over the years this definition has undergone some modifications to make it less restrictive and 

to emphasise that the process is potentially reversible. As a result, at present penumbra can be  

defined in several ways, depending on whether it is for clinical, experimental or neuroimaging 

purpose. Most of the current definitions focus on the region with reduced cerebral blood flow 

where energy metabolism is preserved or intermittently compromised129, 130. Studies of 

permanent middle cerebral artery occlusion in a rat revealed gradual expansion of the infarct 

core into the penumbral region
131, 132

. After 30 minutes of arterial occlusion, the area of 

diffusion-weighted imaging (DWI) on an MRI scan, representing the region of penumbra, was 

twice the region shown to be depleted in ATP (representing the irreversibly damaged lesion 

core with disrupted cellular energy metabolism) and only 1.4 times bigger 2 hours after 

occlusion131. Seven hours following vascular occlusion the size of areas visible on DWI 

imaging and ATP depletion were equal, signifying expansion of the core of the lesion and 

disappearance of the penumbra
132

. Several other studies demonstrated that after three hours of 

temporary occlusion of the middle cerebral artery in a rat the volume of the infarct was the 
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same as after permanent occlusion, indicating a short window of time after which the 

penumbra becomes incorporated into the permanently damaged core of the lesion
133, 134

.  

White matter, due to its different composition, behaves somewhat differently to grey matter 

during acute ischaemia. There is a relative paucity of data regarding the evolution of 

ischaemia and cellular changes following white matter stroke, although an increasing number 

of studies in recent years have started to address this issue. The presence of a penumbra or 

potentially viable tissue that can either progress to infarction or be salvaged, has been 

demonstrated in human white matter using positron emission tomography (PET) with the 

hypoxic marker 
18

F-misonidazole
135

. The median time for a PET scan was 16.5 hours after the 

onset of symptoms which is considerably longer than the  penumbra in grey matter is said to 

exist.  However, the reperfusion time was not known and hence the period of ischaemia could 

have been much shorter than that. The study showed that there was greater volume of “at risk” 

tissue in the grey matter than in white matter at the time of the scan, but a greater proportion 

of this tissue was still potentially viable within the grey matter. The final volume of 

spontaneously salvaged and infarcted tissue was the same in both grey and white matter. The 

results indicate that there is greater resistance to ischaemia in white matter, with a slower 

evolution of the infarct and the existence of a penumbra for a somewhat longer period than in 

grey matter. Such increased resistance of white matter to ischaemia is further supported by 

studies of global cerebral ischaemia for two hours in cats following occlusion of both 

common carotid and subclavian arteries
136, 137

. In the white matter there was a slower decrease 

in electrical activity (by 30 minutes), accumulation of extracellular ATP metabolites 

signifying utilisation of ATP as an energy source during ischaemia (by 20 minutes), depletion 

of extracellular Ca2+ (by 45 minutes) and accumulation of extracellular GABA and glutamate 

(by 60 minutes) compared to grey matter
137

.  
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Cellular changes in white matter ischaemia 

Relatively few studies have categorised changes that occur in white matter tracts following 

acute ischaemic insult, with most of the information coming from studies employing 

experimental white matter lesions in animal models. One of the common models in rats 

involves an injection of the vasoconstrictive substance endothelin-1 (ET-1) into subcortical 

white matter
138-141

, resulting in transient decrease in cerebral blood flow by about 60% for 

three hours
138

. A hyperintense area in the brain is detected using MRI within 24 hours of 

injection
138

. Damage to axons and oligodendrocytes has been detected as early as six hours 

post ET-1 injection138 and progresses through to day 7141. Initially, staining for undamaged 

myelin with anti-myelin basic protein (MBP) appears normal and there are only a small 

puncta of staining for damaged myelin (dMBP) in the core of the lesion. However from day 1 

to 7 there is a progressive decrease in intensity of MBP staining both at the core of the lesion 

and at its edge and an increase in dMBP staining in those regions
141

. The above changes are 

accompanied by evolving inflammatory infiltration involving neutrophils, macrophages and 

activated microglia. There has been some discrepancy in regards to describing the exact 

pattern of inflammation with Hughes et al
138

 reporting no neutrophils at any stage, while 

Souza-Rodrigues et al140 and Moxon-Emre et al141 reported the presence of neutrophils within 

the lesion site at day 1, with a subsequent decrease in number by day 3 and complete 

disappearance by day 7. All studies have found macrophages to be present in increasing 

numbers in the lesion from days 3 to 7 (few macrophages were seen as early as day 1
140

). 

GFAP staining decreases within the lesion core from day 1
141

 and starts to increase in 

intensity around its perimeter by day 3 through 7, forming a boundary of active astrocytosis 

around the lesion
138, 141

. By two weeks after the injury Frost et al
139

 reported demyelination 

and necrosis in the infarcted area of white matter. 
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In the mouse model of white matter stroke following ET-1 injection there were similar 

findings and time course of axonal damage, with early evidence detected by day 1, including 

myelin degeneration and microglia/astrocytic activation
142

. MRI scans demonstrated white 

matter hyperintensity reaching a maximum at day 2, this is most likely corresponding to 

immune cell infiltration and oedema of the area
142

. 

A model of white matter stroke in miniature pigs by means of a permanent occlusion 

(electrocoagulation) of the anterior choroidal artery (a branch of the internal carotid artery just 

proximal to the carotid bifurcation into middle and anterior cerebral arteries) has recently 

been developed by Tanaka et al
143

. The group reported a poorly stained area of infarct using 

haematoxylin and eosin (H&E) with an oedematous zone surrounding the core of the lesion. 

Axonal damage was evident within 24 hours following arterial occlusion and appeared to 

enlarge for up to one week after the injury (this is most probably related to the permanent 

nature of the arterial occlusion and thus an ongoing progressive ischaemia). Damage to 

myelin followed a similar pattern. By one week after the injury astrocytosis was evident 

around the lesion with the lesion core densely infiltrated by macrophages. At 4 weeks after 

onset of ischaemia the lesion contained extensive necrotic parenchyma with persistent 

infiltration by macrophages. 
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Photothrombotic models of rodent optic nerve and 

C
S ischaemia 

 

Several models of rodent CNS ischaemia have been created utilising the photothrombotic 

properties of rose-bengal (RB) dye, which, when injected intravascularly and coupled with 

illumination by a green light, results in generation of superoxide radicals that directly damage 

the endothelium and lead to platelet aggregation and intravascular thrombosis
102, 144-146

. 

The model of cerebral ischaemia originally described by Watson et al
102

 and involving 

transcranial illumination of rat cortex for 20min with green light following infusion of RB 

dye, has been described earlier. 

Another pertinent model involves generation of a rodent anterior ischaemic optic neuropathy 

(rAION), or stroke of the anterior part of the optic nerve – the optic nerve head. Bernstein et 

al
147

 have achieved this result by selectively thrombosing microvessels supplying the optic 

nerve head, by directly illuminating them with green laser (514nm in wavelength) after 

intravenous infusion of RB dye. Optic nerve head swelling was reported in experimental 

animals one day following induction of the injury, which had decreased by day 3 and resolved 

completely by day 5, leaving the nerve head looking morphologically normal. However, one 

month after the injury the optic nerve head became pale and atrophied. In the original paper 

by Bernstein et al147 there was not a great deal of detail about cellular changes within the optic 

nerve that may accompany such injury. However, it was noted that 37 days following 

induction of rAION there was an “increased cellularity centrally in the substance of the optic 

nerve”, in immediately retrobulbar portion of it. A subsequent study utilising the same 

technique but in a mouse model
148

 shed more light on cellular changes occurring within the 
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substance of the optic nerve. They found that 3 days after rAION induction there was “a 

central necrotic lesion” with a loss of staining on H&E sections and localised oedema just 

posterior to the optic nerve-retina junction. Expression of c-Fos, an early stress-response gene, 

was found in oligodendrocytes at day 1 after the injury, near the optic nerve-retina junction.  

This expression became progressively apparent along the optic nerve in a retrograde fashion 

to reach the pre-chiasmal region on the affected side by day 3. Axons were swollen within one 

day of rAION induction and early demyelination was apparent by day 3, with progressive 

damage to myelin through to day 9. Axonal loss was seen at 21 days following the injury. 
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Development of a rodent Retrobulbar Optic 


europathy (rLRO
) model 

 

The process of creating a reproducible animal model of optic nerve damage which would 

come close to emulating likely processes occurring in the human optic nerve following an 

ischaemic insult to its retrobulbar portion has not been trivial. It is worthwhile mentioning the 

steps that eventually led to the model of optic nerve injury that was used in subsequent 

experiments as it serves to explain why certain steps were abandoned and others introduced. 

 

Access to rat’s retrobulbar region 

Surgery was initially practiced on animal cadavers that were obtained from Vernon-Jensen 

Animal Research Unit. Rats were being culled as part of the population maintenance 

programme in the unit and their cadavers made available for research purposes. Two main 

approaches to accessing the retrobulbar region were trialled. The first involved a full 

thickness skin incision through the lateral canthus of the eyelids with subsequent incisions 

through the conjunctiva and Tenon’s capsule. Blunt dissection was further performed in order 

to expose the optic nerve. Following laser exposure the lids were sutured with 6.0 Vycril 

absorbable suture. Such an approach, however, was deemed too invasive with the animal 

receiving a full thickness skin wound and needing to recover from the incision. It was also 

more time consuming when compared to the next technique trialled. 

The second approach proved to be minimally invasive for the animal as well as being much 

quicker than the lateral canthotomy described above. This latter approach was used in all 

subsequent experiments. It involved instillation of local anaesthetic (Benoxinate 0.4% eye 
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drop) into a conjunctival sac of the rat, followed by an incision through the superior 

conjunctiva and Tenon’s capsule with subsequent blunt dissection in order to expose the 

retrobulbar portion of the optic nerve. 

 

Choice and application of the laser 

As no similar experiment and protocol has previously been described in the literature a new 

approach was designed. At first I investigated the viability of using a 10mV 532nm green 

laser pointer as it was affordable and readily available. It became apparent that the laser 

pointer gave too much spread of the laser light (Fig 1a), exposing the rest of the superior 

globe to unacceptable levels of light radiation. Given the fact that the rat sclera is very thin, 

this could have produced an unintended effect in the retina which would confound the 

findings. To focus the light from the laser pointer and to minimise its scatter within the orbit, 

an attachment was fashioned from the plastic sleeve of a 22 gauge intravenous luer. It was 

covered with black nail polish to prevent transmittance of light through its transparent walls 

and to minimise light scatter at its tip. The sleeve was attached to the end of the pointer with 

blue-tack pressure-sensitive adhesive as shown in the Fig 1b. 

Fig.1a Laser scatter from the laser pointer 
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Fig.1b Anti-scatter attachment for the laser pointer. 

        

 

 

Whilst providing a more focussed light beam, the creation of the lesion post laser exposure 

was inconsistent, with some nerves having a lesion and others not. This raised a question 

about variability in the level of power delivery by the laser pointer during exposure of the 

optic nerve to laser light.  The time of laser illumination required to produce a lesion was also 

unacceptably long (up to several minutes). Such long duration of laser application could 

potentially affect lesion formation by causing mechanical trauma to the optic nerve owing to 

the extended duration of globe retraction. Thus the decision was made to purchase the laser 

commonly used in ophthalmic procedures to treat human patients. The main advantage of 

such an ophthalmic laser was that it had a selectable range of power, as well as constancy of 

its output delivery. A laser endoprobe was used to deliver the light to the retrobulbar portion 

of the optic nerve immediately posterior to the globe without exposing other orbital content, 

including the globe, to laser light radiation. 

 

  



~ 33 ~ 

 

Rodent Retrobulbar Ischaemic Optic 
europathy (rRIO
) vs. Rodent 

Laser-induced Retrobulbar Optic 
europathy (rLRO
) 

An attempt was made to create a “truly ischaemic” model of injury to the retrobulbar optic 

nerve by adopting the technique described by Bernstein et al
147

. The aim was to create a lesion 

in the portion of the optic nerve immediately posterior to the globe, as opposed to the 

Bernstein et al model which targeted injury to the optic nerve head. In theory such a model 

would have closely approximated pathologic events occurring in patients with posterior non-

arteritic ischaemic optic neuropathy, as well as helping us understand the nature and site of 

blood flow occlusion in anterior non-arteritic ischaemic optic neuropathy. Rats were 

anaesthetised with an intraperitoneal injection of Ketamine and Xylazine, followed by an 

injection of 2.5mM Rose Bengal solution via the tail vein, after which the retrobulbar portion 

of the optic nerve was illuminated with the laser. The Rose Bengal would then reach small 

vessels supplying the optic nerve, where it would be activated by the laser light. The laser 

activation of the photosensitive dye would cause formation of free radicals with subsequent 

damage to the blood vessel walls and occlusion of the lumen as a result. However, after 

multiple attempts to bring this technique to fruition, it was abandoned in favour of a modified 

protocol which eliminated use of the Rose Bengal injection. The two main reasons for not 

going ahead with the injection of the dye were difficulty in cannulating the tail vein of the rat 

to deliver the Rose Bengal intravascularly, and inconsistent lesion formation post laser 

exposure. In the cases where no lesion became evident after the experiment, it always 

remained unclear whether it was due to the lack of the photosensitising dye in the circulation 

(due to inadequate intravascular delivery of the dye) or technical issues with the laser 

illumination of the optic nerve. By eliminating one of those variables, accuracy of the 

experiments could be improved.  
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Elimination of the Rose Bengal dye from the experiment converted the mechanism of injury 

from “truly ischaemic”, as when intravenous dye activation resulted in formation of an 

intravascular platelet-rich thrombus, as in other photothrombotic models
145

, to a mostly 

thermal mode of lesion creation, resulting in tissue photocoagulation following absorption of 

the laser energy. The word “mostly” is used intentionally to signify the fact that the green 

laser light is well absorbed by oxyhaemoglobin
149

, which is abundantly present within 

intravascular red blood cells. Absorption of sufficient energy by oxyhaemoglobin would 

result in significant damage to red blood cells, creating pro-coagulable conditions within the 

vascular lumen. Damage to the vascular endothelium has also previously been reported 

following exposure of retinal blood vessels to an argon laser
150

. Thus, even though no 

photosensitising dye was used, there was still a potential ischaemic component involved in 

lesion formation owing  to a direct laser effect on the micro-vasculature of the rat optic nerve. 

Oxyhaemoglobin absorption of laser light may also explain some inconsistency in lesions 

created between different animals, as heat created by absorption of laser energy will be 

dissipated to some degree by constantly moving red blood cells within the micro-vessels of 

the optic nerve. 

In view of the fact that the mechanism of injury within the optic nerve was probably of mixed 

origin (albeit with the thermal component most likely predominating), the model used in all of 

my experiments is referred to as rodent laser-induced retrobulbar optic neuropathy (rLRON), 

without the word “ischaemic”. 
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Induction of rLRO
 

 

Experimental animals 

Male Wistar rats weighing between 200g and 250g were obtained from the Vernon-Jensen 

Animal Research Unit, School of Medicine at the University of Auckland, or from the animal 

facility at the School of Biological Sciences at the University of Auckland. All animals were 

maintained and handled in accordance with the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research. All animal protocols were approved by the Animal Ethics 

Committee of the University of Auckland.  

 

Induction of the rodent Retrobulbar Optic 
europathy (rLRO
) 

Male Wistar rats weighing 200-250g were anaesthetised via intraperitoneal injection with a 

mixture of Ketamine and Xylazine. An anaesthetic drop (Benoxinate 0.4%) was instilled into 

the animal’s experimental (right) eye followed by a topical mydriatic (Tropicamide 1%) drop. 

The optic nerve head was then photographed as described below. After completion of pre-

operative photography, an incision was made with fine Vannas scissors in the superior 

conjunctiva and Tenon’s capsule. This was followed by blunt dissection into the retro-bulbar 

space. Two fine forceps were introduced via the incision into the retrobulbar space and 

opened in such a way as to expose the retrobulbar portion of the optic nerve. A small opening 

was then fashioned in the superior meninges with care taken not to damage nerve fibres 

running within the optic nerve. The endoprobe of a Nd YAG frequency doubled 532nm laser 

(Taracan PTY Ltd, Adelaide, Australia) was then gently placed onto the superior surface of 

the optic nerve immediately posterior to the globe and the nerve was exposed to 30 seconds of 
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50mW laser illumination (Fig 2). Care was taken to place the laser endoprobe as close to the 

globe as was possible to achieve consistent location of injury (Fig 3).  After further 

photography of the optic nerve head, animals were allowed to recover and were maintained in 

the Vernon-Jensen Animal Research Unit with food and water available ad libitum, and a12 

hour light - dark cycle until the end of the experiment. 
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Fig.2 Steps in rLRO
 induction. 

A-B. An incision was made through the superior conjunctiva and Tenon’s capsule. C. Blunt dissection into the 

retrobulbar space. D-E. Fine blunt forceps were then introduced  to expose the retrobulbar optic nerve. F. Laser 

illumination of the superior surface of the retrobulbar optic nerve was then made immediately posterior to the 

globe. 
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Fig.3 Location of the lesion. 

A. The lesion location post illumination with the 50mW Nd YAG laser as seen in vivo (the arrows marking the 

lesion on the superior aspect of the retrobulbar optic nerve). B. The same nerve seen after removal from the 

animal post mortem. This image shows the  proximity of the lesion to the globe (the arrow is marking the lesion 

on the superior aspect of the retrobulbar optic nerve). 

 

 

Photography and videography of the optic nerve head 

Topical Benoxinate 0.4% was instilled into the eyes of experimental animals after 

intraperitoneal anaesthesia, followed by dilation of the pupil with topical Tropicamide 1%.  A 

glass slide was then gently applied to the corneal surface and the optic nerve head of the right 

eye then photographed, and in most instances also videoed, several minutes prior to induction 

of rLRON. Immediately post induction of rRION, the fundus was examined again in order to 

make sure there wasn’t an occlusion of either the central artery or vein. At that time the optic 

nerve head was photographed and videoed again. Subsequently for each experimental time 

point, the right eye of the animal was once again anaesthetised with Benoxinate 0.4% eye 

drops and the pupil dilated with Tropicamide 1% shortly before the animal was killed and 

photography and video recording repeated. For the rats kept for more than 30 days after the 

laser induced damage, left (non-experimental eyes) optic nerve heads were also photographed 
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and videoed for comparison to their right counterparts. Cameras used were a Nikon D200 

digital SLR (Nikon Corporation, Tokyo, Japan) and a Canon Digital IXUS 860 IS (Canon 

Inc., Tokyo, Japan). Videos were taken at resolution of 640x480 pixels. 

 

Cx43 AS-OD
 experiments 

Cx43 specific anti-sense oligodeoxynucleotide Cx43 AS-OD
 

Rat sequence antisense oligodeoxynucleotides specific for Cx43, 

5′GTAATTGCGGCAGGAGGAATTGTTTCTGTC3′, was dissolved in Pluronic F-127 gel 

(see below) at 15µM final concentration and used in all experiments. 

 

Pluronic gel 

Pluronic F-127 gel was used to act as both a reservoir for Cx43 AS-ODN and as a control in 

experiments investigating effects of Cx43 AS-ODN on the extent of injury in the rLRON 

model. For this purpose Pluronic F-127 powder (BASF Aktiengesellschaft, Ludwigshafen, 

Germany) was dissolved in a pH buffer, consisting of potassium dihydrogen phosphate 

(monobasic) (at 0.15 g/L) (Sigma-Aldrich, USA) and Anhydrous dibasic sodium phosphate 

(at 0.641 g/L) (BDH Laboratory Supplies, Poole, England), to make up a final concentration 

of 24.5% weight per volume. Dissolving Pluronic F-127 powder in the abovementioned 

buffer took place at 4 ⁰C overnight in order to create a gel that is liquid at 4 ⁰C but sets and 

becomes a soft gelatinous material at room and body temperatures. 
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Administration of Cx43 AS-OD
 and Control 

After completion of rLRON induction, either Cx43 AS-ODN dissolved in Pluronic F-127 gel 

or Pluronic F-127 gel on its own (as a control) was administered directly into the retrobulbar 

space of the animals with a pre-cooled pipette so it completely covered the visible portion of 

the retrobulbar optic nerve and the injury site (50 µL was administered each time). As 

described above, Pluronic F-127 gel turns into a soft gelatinous and easily pliable substance 

once it sets at the animal’s body temperature, so it is easily moulded by surrounding tissue 

and does not create pressure behind the globe that could cause proptosis and result in 

subsequent nerve compromise. 

 

Protocols for tissue processing and staining 

General tissue processing 

Experimental animals were euthanised with carbon monoxide (CO) gas at the end of the 

experimental protocol for each group. A blue 8.0 silk suture (Alcon Laboratories Inc., Texas, 

USA) was placed into the superior conjunctiva just posterior to the limbus in order to mark 

the superior aspect of the globe.  Experimental eyes (right) together with an extensive portion 

of the retrobulbar optic nerve were excised as described elsewhere immediately post mortem. 

All of the tissue (eyes and optic nerves) was immediately fixed in freshly prepared 4% 

paraformaldehyde (PFA) solution (Taab Laboratories, Reading, UK) for two hours. After the 

fixing process was completed the tissue was washed for 3 × 15 minutes in 1 × phosphate 

buffered solution (PBS, tablets from Oxoid Ltd, Hampshire, England)  and mounted in blocks 

of Tissue-Tek ‘Optimal Cutting Temperature’ OCT (Miles Inc., Ramsey, MI, USA) and 

frozen in liquid nitrogen. The frozen OCT blocks were stored at  -80ºC until required when 
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they were placed on a pre-cooled tissue chuck in a cryostat (Leica Microsystems, Germany) 

and cryosectioned into 16µm thick sections. Sections were collected on SuperFrost Plus
TM

 

slides (Menzel GmbH & Co KG, Germany) and stored at -20
o
C. 

 

Enucleation and optic nerve dissection technique 

It became apparent early on that the simple enucleation technique consisting of pointing the 

scissors towards the apex of the orbit and cutting the eye out was producing variable lengths 

of the retrobulbar optic nerve, which more often than not was too short, casting doubt on 

whether the site of injury was removed successfully. These difficulties have been solved with 

the dissection technique described below, which allowed consistent recovery of reasonable 

length (7-9mm) of the retrobulbar optic nerve (Fig 4). 
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The following steps were taken to dissect the maximal length of the retrobulbar portion of the 

optic nerve (Fig.4): 

 

1. Careful total peritomy using a surgical microscope 

2. Eye is held with toothed forceps by superior conjunctiva 

3. Wescott spring scissors directed towards the apex of the orbit and along the medial 

orbital wall were used to make cuts in the tissue in order to divide the optic nerve as 

close to the orbital apex as possible. By approaching the retrobulbar optic nerve along 

the nasal orbital wall the scissors follow a path parallel to the nerve almost to the apex 

of the orbit as opposed to approaching along the temporal orbital wall, where the nerve 

is divided much sooner, resulting in only a short fragment. 

 

Fig.4 Schematic drawing of the rat’s retrobulbar optic nerve and plan for enucleation of rat’s eye with maximal 

length of retrobulbar portion of the optic nerve (not to scale). 
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Tissue cryosectioning 

Following fixation in 4% Paraformaldehyde, optic nerves were mounted in blocks of Tissue-

Tek ‘Optimal Cutting Temperature’ OCT (Miles Inc., Ramsey, MI, USA) with the superior 

(dorsal) surface of the nerve facing up, and frozen in liquid nitrogen (Fig 5a).  

 

 

 

 

 

 

 

 
Fig.5a Schematic drawing of the position of experimental right eye in an OCT block to preserve orientation 

during cryosectioning. 

 

 

The OCT block was then cryosectioned through the sagital plane using either a Leica 

Microsystems CM3050 S cryostat (Nussloch, Germany) or Zeiss HM550 cryostat (Walldorf, 

Germany) to produce longitudinal sections through the nerve at 16µm thickness per section 

(Fig 5b) 

 

 

 

 

 

 

 

Fig. 5b Plan for longitudinal sectioning of the optic nerve 
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The sections were placed on SuperFrost
TM

 glass slides (Menzel-Glenser, Braunscchweig, 

Germany) in such a manner that the superior (dorsal) surface of the nerve on all sections was 

closest to the writing surface of the slides (Fig 5c).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5c Orientation of the optic nerve on glass slides following cryosectioning 

 

 

 

During subsequent imaging the slides were photographed with the writing surface of the slide 

always being on the right-hand side, thus after inversion of the image by the optics of the 

microscope, the superior (dorsal) surface of every optic nerve on all of the photographs in this 

thesis is on observer’s left-hand side (Fig 5d). To avoid confusion, the word “proximal” in 

relation to any part of the optic nerve not otherwise specified, refers to the portion of the optic 

nerve closest to the globe (and optic nerve head) and the word “distal” refers to the portion of 

the optic nerve closest to the brain (Fig 5d). 

Typically, cryosectioning of the optic nerve in such a manner yielded about 20 slides per optic 

nerve with most slides containing two sections of the nerve. Of those only about 4-6 slides 

contained sections with an identifiable region of the laser damage at the superior portion of 

the nerve. From these 4-6 slides with the lesion, usually a single slide was selected for each of 

the immunohistochemical stains employed in this project and 2-3 slides for H&E staining in 

an attempt to sample from both the centre and the periphery of the lesion. 
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Fig. 5d Orientation of the optic nerve as it appears on all of the images in the thesis. 

 

 

Haematoxylin and Eosin (H&E) stain. 

 

Sections were stained with Mayer’s haematoxilyn and eosin solution (1%). Briefly, slides 

were removed from -20°C storage and allowed to warm to room temperature for 5 minutes. 

They were then immersed into two changes of tap water for 2 minutes each. This was done to 

remove OCT and hydrate the sections. They were then dehydrated through a series of 

alcohols, with one change of 70%  and 95% ethanol, three changes of 100% ethanol for two 

minutes each and one change of pure xylene for four minutes. Slides were then moved down 

the ethanol series in the order they ascended for the same lengths of time, before being 

immersed into haematoxylin for 10 minutes. After being rinsed thoroughly in tap water slides 

were immersed into eosin for 2 minutes. They were subsequently dipped briefly into 95% 
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ethanol, three changes of 100% ethanol and pure xylene before being mounted in DPX 

mountant (BDH, Poole, UK). 

 

Immunohistochemistry 

During immunohistochemistry staining, initial steps in processing of the slides were similar 

regardless of the antibody choice.  The selected slides were removed from the -20ºC freezer 

and thawed for about five minutes to reach room temperature. They were then washed for 3 × 

15 mins each in 1 × PBS in order to remove OCT. After this the slides were immersed in a 

blocking solution of 0.1% Triton X-100 and 10% normal goat serum (Invitrogen Corp., 

Carlsbad, CA) in PBS for one hour to prevent non-specific antibody binding during the 

staining process. Excess blocking solution was tapped off and slides were incubated with 

primary antibodies diluted in 1 × PBS overnight at 4°C. See Table 1 for the primary 

antibodies used and their concentrations. This was followed by washing the slides 3 × 15 mins 

in PBS and subsequent application of the secondary antibody for two hours at room 

temperature. See Table 2 for the secondary antibodies and concentrations used. The slides 

were then washed 3 × 15 mins in PBS  and mounted in Prolong Gold Antifade medium with 

DAPI (Molecular Probes). The times utilised for staining with each specific antibody as well 

as any pertinent feature of the employed antibodies is described below. 
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Table 1 Primary antibodies 

Antibody     Dilution Company 

Catalogue 
umber 

 

 

Rabbit anti-connexin-43 

 

     1:2000 

 

Sigma C6219 

 

Mouse Anti-Glial Fibrillary 

Acidic Protein (GFAP) 

     1:1000 Sigma C9205  

Mouse anti-MPO      1:10 Abcam Ab16886  

Mouse anti-ED1      1:100 Serotec MCA341R  

 

 
 

 

 

 

Table 2 Secondary Antibodies 

Antibody     Dilution Company             

Catalogue 
umber 

 

 

Goat anti-Mouse Alexa 488 

   

     1:400 

 

Invitrogen 411029 
 

Goat anti-Rabbit Alexa 488      1:500 Invitrogen 405488  

Goat anti-Mouse Alexa 568      1:500 Invitrogen A11031  

Goat anti-Rabbit Alexa 568      1:500 Invitrogen A11036  
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Tissue Imaging 

Light microscopy was carried out on a Leica DMRA fluorescent microscope. Images were 

captured with a Nikon DS-5MC digital camera connected to a digital sight DS-U1 controller. 

Montages of the nerve and retina were obtained using the large image plug-in of the NIS-

Elements software.  

Immunofluorescence was carried out on the Leica DMRA fluorescent microscope or on an 

Olympus Fluoveiw FV1000 BX6 confocal microscope (Olympus Microsystems, Melville, 

NY).  
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Analysis of cellular changes following               

rLRO
 induction 

Descriptive and quantitative approaches 

A combination of both descriptive and quantitative analyses has been employed in an attempt 

to convey as detailed a picture as possible of the dynamics of cellular changes in the 

retrobulbar optic nerve following rLRON induction  over time. 

It was thought that although quantitative data is valuable, it is fraught with introduction of 

significant bias at a variety of stages of data acquisition, beginning with the number of 

animals available for each particular time point, a variation in amplitude of the response to the 

same external conditions (i.e. laser illumination in this case) and going all the way through to 

tissue processing and image acquisition. Image analysis introduces further bias due to 

sampling technique, when attempting to quantify changes in few small sample areas that 

“represent” a global state of affairs. In this regard a descriptive analysis provides immediate 

overview of the global changes to the observer regarding particular cellular alterations at a 

specific time point.  Such an overview enables better understanding of subsequent quantitative 

analysis and its possible limitations. Hence, multiple plates have been created depicting 

individual cellular changes and protein expression in all of the optic nerves in which rLRON 

was successfully induced at the different time points employed in the experiments. Details of 

the quantitative analysis used follow below. 
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Analysis of the lesion size 

Images for the analysis of the area of the lesion at different time points were processed using 

ImageJ software (National Institute of Health, USA). For the calculation of the lesion area, 

sections stained with H&E were selected, as they most clearly demonstrated gross 

morphology of the lesion enabling accurate delineation of the damaged area at different time 

points after the laser-induced injury. Typically there were 2-4 H&E slides available for each 

optic nerve, spanning the thickness of the whole nerve and depicting different locations within 

the lesion. The area of the lesion was measured in square pixels for each available H&E slide. 

The slides on which no lesion was identified were excluded from the analysis. For most of the 

optic nerves there was only one slide with H&E stained sections that were taken from the 

middle of the lesion, the other slides containing sections that were taken from the flanks of the 

lesion area. Hence, after the lesion area was calculated for a representative section on each 

available slide with H&E stained sections, only the section with the largest lesion area 

(labelled as ‘maximum lesion area’) was selected for further analysis. Such a section 

represented the maximum spread of the damage into the substance of the optic nerve. True 

lesion volume assessment could have required significantly more animals and fell outside of 

the resources of this project. As there were several (up to n=6) successful optic nerve injury 

inductions for each time point studied, the average of the maximum lesion cross section areas 

for all of the successful inductions at each time point was calculated and then compared 

between the investigated time points.  

The assumption of normality for the dependent variable, maximum lesion area, was tested 

with Shapiro-Wilks statistic. Since maximum lesion size was normally distributed a general 

linear model (GLM) analysis of variance (ANOVA) was performed. It was planned that if the 

main effect of the time post injury reached the threshold for statistical significance (p<0.05 

for a two tailed test) post hoc comparison (method of Dunnet) would be used to compare 
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subsequent time points against the maximum lesion size at 1 hour following the injury. All 

tests were two tailed, p< 0.05 was considered significant.  Analyses were performed using 

SAS (v9.2, SAS Institute Inc). 
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Analysis of the Cx43, MPO and ED1 expression 

As Cx43 AS-ODN was expected to transiently alter levels of Cx43 in the early stages 

following rLRON induction, and thereby affect the intensity of the subsequent inflammatory 

response within the retrobulbar optic nerve, levels of Cx43, MPO and ED1 have been 

compared between the nerves treated with Cx43 AS-ODN (antisense animals) and Pluronic F-

127 gel alone (controls). Images for the analysis of the Cx43, MPO and ED1 expression at 

different time points have been processed using ImageJ software (National Institute of Health, 

USA). For the calculation of the expression of these proteins within the relevant area of the 

optic nerve, that particular area was carefully delineated using ImageJ software by an 

observer who was blinded to the treatment each particular nerve had received. After the 

appropriate area of the optic nerve was selected, the image was binarised into black and white 

and the number of distinct spots of dye within the selected area was counted and labelled as 

“Dye Count”. In addition, the total percentage of area occupied by dye within the selection 

was calculated as “Dye Area Fraction”, where the area occupied by dye within the selection 

was divided by the selected area itself. Following delineation of appropriate areas on all of the 

optic nerves at the selected time points and calculation of studied parameters, each nerve was 

identified as belonging to either the Cx43 AS-ODN group or to the Control group. The 

average value for both “Dye Count” and “Dye Area Fraction” was calculated for both groups 

for a particular time point.  

When assessing levels of Cx43 expression three separate areas within each nerve have been 

analysed as detailed on Fig 6: b) – the lesion site itself, excluding the border of the lesion; c) – 

the area of the retrobulbar optic nerve immediately adjacent to the lesion; d) – the border of 

the lesion. 

When assessing levels of MPO and ED1 expression, the whole of the retrobulbar optic nerve 

shown on a standard photograph of 512 x 512 pixels in size was selected. As each photograph 
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was of equal size and was focused on the lesion itself, it provided a consistent amount of the 

optic nerve visible on each photograph, thus enabling comparison. Selection areas for both 

MPO and ED1 stains are shown in Fig 7. 
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Fig. 6 Areas of the retrobulbar optic nerve analysed for Cx43 expression following rLRON induction. a) – 

appearance of the retrobulbar optic nerve 72 hours following laser damage; b) – area selected as “lesion site”, 

excluding border of the lesion; c) – area selected as “area of the retrobulbar optic nerve immediately adjacent to 

the lesion”; d) – area selected as “border of the lesion” 
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Fig. 7 Areas of the retrobulbar optic nerve analysed for MPO and ED1 expression following rLRON induction. 

a) – MPO staining in the retrobulbar optic nerve 72 hours following laser damage; b) – area of the retrobulbar 

optic nerve selected for analysis of MPO expression; c) – ED1 staining in the retrobulbar optic nerve thirty days 

following laser damage; d) – area of the retrobulbar optic nerve selected for analysis of ED1 expression. 
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Experimental groups 

 


ormal optic nerves  

In order to elucidate normal optic nerve structure and architecture for baseline and future 

comparison, two optic nerves were collected from animals that had not undergone 

manipulation of any kind. 

 

 

Sham surgery 

In order to determine if the surgical procedure utilised to expose the retrobulbar portion of the 

optic nerve had any effect on the cellular structure or inflammatory response within the 

substance of the optic nerve, sham surgery was conducted on four animals. Two of the 

animals were killed and their optic nerves collected 24 hours following the sham procedure 

and the remaining two animals were killed and their optic nerves collected seven days after 

the sham procedure.  The sham procedure involved the same steps required to expose the 

retrobulbar optic nerve as used for all other experiments up to the point of actual laser 

illumination  of the globe. At that point a laser endoprobe was placed on the exposed portion 

of the retrobulbar optic nerve immediately posterior to the globe and gently held there for 30 

seconds without the laser being activated. Optic nerve heads were photographed and videoed 

for those animals as for all of the others used in the experiments. 

 



~ 57 ~ 

 

Investigation of changes in lesion morphology post rLRO
 induction 

In order to investigate morphological changes within the retrobulbar portion of the optic nerve 

and the inflammatory reaction following rLRON induction, animals were killed and their 

optic nerves collected at several different time points following the injury. These were at one 

hour, eight hours, 24 hours, 72 hours, seven days and 32 days post-surgery. A group of six 

animals was used for each time point. The experimental procedure involved exposure of the 

retrobulbar portion of the optic nerve as described above, followed by illumination of the 

superior surface of the optic nerve immediately posterior to the globe with Nd YAG 

frequency doubled 532nm laser (Taracan PTY Ltd, Adelaide, Australia) for 30 seconds with a 

power of 50mW. Optic nerve heads were photographed and videoed for those animals as for 

all of the others used in the experiments. Whether rLRON induction was successful was 

determined by subsequent histology. rLRON induction was judged to be successful if there 

was a presence of definite lesion on the superior aspect of the retrobulbar portion of the optic 

nerve or if the optic nerve morphology was significantly different from normal optic nerves 

(or optic nerves that had undergone sham surgery). If the experimental optic nerves did not 

meet these criteria, they were excluded from further analysis. 
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Investigation of the therapeutic efficacy of Cx43 AS-OD
 in limiting the 

extent of optic nerve damage following rLRO
 induction 

In order to investigate efficacy of Cx43 AS-ODN in limiting the extent of damage within the 

retrobulbar portion of the optic nerve following rLRON induction, animals were killed and 

their optic nerves collected at several different time points following the injury. These were at 

eight hours, 24 hours, 72 hours, seven days and 30 days post-surgery. A group of 12 animals 

was used for each time point. Six of the animals in each group received Cx43 AS-ODN 

dissolved in Pluronic F-127 gel following induction of rLRON as described above (the 

experimental group), and six received Pluronic F-127 gel on its own (the control group). 

Administration of Cx43 AS-ODN and Pluronic F-127, as well as assessment of the 

histological findings, were done in double blind fashion. Neither during the surgery nor 

during further tissue processing and analysis was the investigator aware of which compound 

was administered to each particular animal. Cx43 AS-ODN was not expected to completely 

eliminate lesion formation within the retrobulbar portion of the optic nerve following rLRON 

induction, but rather to reduce its extent as well as the subsequent inflammatory reaction. 

Thus success of rLRON induction was determined by subsequent histological assessment as 

described above, and nerves that failed to show any evidence of tissue damage (i.e. had 

completely normal morphology) were excluded from further analysis. Similar numbers of 

animals were excluded in experimental and control groups for each time point (Table 3). The 

only difference between the groups was seven day time point, where optic nerves of four 

control animals did not show any evidence of tissue damage (and thus were excluded from 

further analysis) compared to two animals in the experimental group. 
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Summary of the animals used in the project 

 

 

Table 3 Number of animals used for all of the experiments 

 Time following induction of rLRO# 

1 hr 8 hrs 24 hrs 72 hrs 7 days 1 month 

 

#ormal optic nerves 

   

2 

   

  

 

Sham surgery 

   

2 

  

2 

 

  

Investigating lesion 

morphology 

      

 

Animals used 

 

6 

 

6 

 

6 

 

6 

 

6 

 

6 

Successful rLRON 

induction 

 

5 

 

4 

 

6 

 

6 

 

4 

 

6 

  

Investigating efficacy of 

Cx43 AS-OD# 

 

Control   

 

Animals used 

 

- 

 

6 

 

6 

 

6 

 

6 

 

6 

Successful rLRON 

induction 

 4 0 6 2 4 

 Cx43 AS-OD
  

 

Animals used 

 

- 

 

6 

 

6 

 

6 

 

6 

 

6 

Successful rLRON 

induction 

 4 0 6 4 5 
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Consistency of rLRO
 induction 
 

All of the experimental animals underwent an identical surgical procedure to expose the 

retrobulbar portion of their optic nerve. The nerves were then illuminated for 30 seconds at a 

point immediately posterior to the globe with a frequency doubled 532 nm Nd YAG laser 

(Taracan PTY Ltd, Adelaide, Australia) set at 50mW power. All of the procedures were 

performed by a single investigator (TP). However, despite performing a standardised 

technique by a single researcher, creation of a lesion was not always successful, as confirmed 

by subsequent histology. The success rate for creating an identifiable optic nerve injury was 

between 0% and 100% for each group of animals (six animals per group). The reason for this 

variability in generating optic nerve damage is not entirely clear, as variables were kept to a 

minimum. The learning curve of performing the procedure consistently was probably one of 

the contributors to such variability, but provides only a partial answer, as some of the animals 

that were operated on later in the order of experiments still showed no evidence of the lesion 

formation. No specific variable could be identified for the lack of tissue damage post laser 

exposure in some animals. Individual animal factors were taken into account; variability was 

kept to a minimum by using only male Wistar rats in the weight range between 200 and 250g 

for all of the experiments. I also operated only on the right eye of each animal, thus avoiding 

variation in tissue position during the optic nerve exposure. As a result, I had to perform some 

additional procedures to increase the number of successful lesion inductions post laser 

illumination of the optic nerve in groups where the success rate for creating damage was low 

in the first set of experiments. Overall I had four to six animals per group, i.e. at each time 

point. 
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Optic nerve head appearance post rLRO
 induction 

The optic nerve head in experimental eyes of the animals who lived up to 72 hours post 

induction was photographed at three time points. The first time point was shortly before 

rLRON induction, the second time point was immediately following rLRON induction and 

the third time point was just prior to the animal’s death. The time limit of 72 hours post 

induction of the injury was chosen based on work by Bernstein et al
147

 which showed that 

optic nerve oedema after rodent anterior ischaemic optic neuropathy decreased after three 

days and that nerve appearance returned to normal by day five. The nerves of the animals that 

survived longer than 72 hours after the injury were still examined using a surgical microscope 

but were not photographed. The only exception to this was the animals that survived for 30 

days. In these animals fundal photographs of both right and left eyes were taken in order to 

assess the presence of optic atrophy in the experimental eye (right eye of each animal). 

During the process of documentation of the optic nerve head appearance, it became clear that 

photography alone does not provide an objective picture of the state of the optic nerve head 

prior and following the induction of rLRON. There are several reasons for this. One of them 

is that the normal optic nerve head of a Wistar rat looks “anomalous” to an observer trained in 

examination of the human fundal anatomy. The rat optic nerve has a very small cup and 

appears “crowded” from the outset. Its edges are much less defined and smoother than those 

of a human nerve. There is also a round area of darker colour surrounding the nerve head 

which can be easily confused for optic nerve head swelling on photographs. Description of the 

exact nature of this area in the literature is absent but the features described may be secondary 

to the attachment of the retractor bulbi muscle at the back of the globe. The reason for its 

partial visibility is the thinness of the rat sclera.  
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Fig 8. Photograph of rat normal optic nerve head. No identifiable cup can be seen. The white arrow identifies the 

disc margin. The black arrow identifies an area of darker colour around the optic nerve head (perhaps 

representing the insertion of retractor bulbi muscle at the back of the globe which is visible due to thinness of rat 

sclera) which can be confused with nerve head swelling post-operatively. 

 

The other reason for this conclusion was that Wistar rats form a cataract after even a minor 

manipulation of the eye, such as that required to take fundal photos (i.e. applying a glass slide 

to the anaesthetised cornea of an animal in order to visualise and take photos of the optic 

nerve head) as well as for induction of the rLRON itself (exposing the retrobulbar portion of 

the optic nerve and retracting the globe forward for laser illumination). The severity of such 

lens opacity varied, depending on the duration and degree of manipulation. Generally, the 

longer the time of manipulation, the denser the cataract that was formed. The majority of such 

cataracts were transient in nature and resolved within a few hours following the procedure. 

However, the lens opacity, which had the tendency to be more dense in the region of lens 
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sutures, was also present when the optic nerve was photographed immediately following 

rLRON induction, and in some instances a minor degree of haze was still present by the time 

of the last photography of the optic nerve head at each particular end point. Most commonly 

the haze started to re-form shortly after a glass slide was again applied to the anaesthetised 

cornea and before an optimal view of the optic nerve head was obtained for the photograph. 

As a result of these processes in the lens of the animal, a significant number of post rLRON 

photos of the optic nerve had an appearance of the nerve with blurred margins. This was an 

illusion created by haze in the area of the lens sutures overlying the optic nerve head and 

producing a false appearance of optic nerve head swelling on two dimensional photos. In 

addition, there was a small amount of bleeding into the conjunctival sac following dissection 

through the conjunctiva and Tenon’s capsule when exposing the retrobulbar optic nerve. The 

presence of red blood cells in a tear film bathing the cornea further contributed to subtle 

generalised haze on fundal photos immediately post induction of rLRON.  To an uninitiated 

observer, not having a benefit of examining the animal’s optic nerve head using a surgical 

microscope, the nerve head would appear to be swollen on such photos.  

It was then thought that a video of the nerve head might avoid some of the difficulties in 

documenting its state following the induction of the rLRON, as it could provide a view for a 

continuous period of time during which an image could be obtained through the paracentral 

portion of the lens which was not yet opacified. But due to the animal’s constant rhythmical 

movement while under the anaesthesia, secondary to breathing and having a heart beat, as 

well as the technically limiting factor of video resolution, video of the optic nerve head was 

also deemed unsatisfactory for documenting the true state of the optic nerve head. It seemed 

that the only reliable way of assessing optic nerve head appearance free of major artefactual 

bias was by direct binocular observation of the animals’ fundus using an operating 

microscope. Appearance of the optic nerve head of experimental animals was still 
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documented using both photos and video, but they have not been relied upon when making a 

judgement on whether the nerve head was swollen or not following the induction of rLRON. 

Having operated on every animal for this project and observed their fundi prior to, 

immediately after, and at various times following the laser induced damage, I was able to 

conclude that no optic nerve head was swollen or showed signs of swelling in any animal at 

any time point after the induction of rLRON. Such a conclusion is supported by histology of 

the optic nerves of the experimental animals. Every nerve was cryosectioned along its 

longitudinal axis with 16µm thick slices as described in the methods section. Each optic nerve 

head was, therefore, transected through its entire diameter and a section from every slide was 

photographed at the time of the cryosectioning using a light microscope with x5 magnification 

objective lens. This documentation served a dual purpose: it aided selection of appropriate 

slides for subsequent tissue staining, and documented ultrastructure of the optic nerve and 

nerve head across the entire diameter. Thus it was possible to examine the appearance of the 

optic nerve head on multiple sections as opposed to only the few that were chosen for H&E 

staining (Fig 9). Such histological analysis did not demonstrate optic nerve head swelling in 

experimental animals, confirming findings observed on fundal examination.  

In the group of animals that survived for 30 days after the injury, no gross atrophy of the optic 

nerve head was observed on fundoscopy, when experimental nerves (right) were compared to 

their unaffected counterparts (left) in the same animal. In addition, no evidence of gross nerve 

head atrophy was evident on photos obtained from cryosectioning. 
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Fig 9. Photographs of cryosections of a single rat optic nerve taken at low magnification and demonstrating 

features of the nerve head at different levels throughout the thickness of the optic nerve. Such a method 

(performed for every nerve) allowed a confirmatory judgement to be made regarding whether or not there was 

optic nerve head swelling in addition to peforming fundoscopy and direct visualisation of the disc.  
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ormal and Sham operated optic nerves 
 

 

There appears to be no effect on optic nerve tissue architecture following the sham procedure. 

H&E slides demonstrate preservation of orderly cell arrangement within the optic nerve both 

at 24 hours (Fig 10c and 10d) and seven days (Fig 10e and 10f) after the procedure.  

Appearance of the optic nerves at both of the studied time points is identical to the nerves that 

were not subjected to manipulation of any kind (Fig 10a and 10b). Both  lower magnification 

images (Fig 11a) and higher magnification images of segments of the DAPI stained nerves 

(Fig 11b) revealed no disruption to the orderly linear arrangement of the cells within the optic 

nerve at 24 hours  and seven days following the sham procedure. Generally, the orderly 

arrangement of cells is the same as in the non-manipulated nerves. Similar findings apply to 

GFAP (Fig 12a and 12b) and Cx43 (Fig 13a and 13b) stained sections. There is no localised 

area of tissue disruption or absence of GFAP and Cx43 expression as seen in the experimental 

nerves reported elsewhere in the thesis. There is no discernible difference in either GFAP or 

Cx43 expression in optic nerves 24 hours and seven days following the sham procedure as 

compared to normal rat optic nerves. 

Figures 14a, 14b and 14c demonstrate the distribution of GFAP and Cx43 within the 

retrobulbar portion of the normal rat optic nerve as well as in the nerve head in relation to 

other pertinent anatomical features of the globe and retina. It can be seen in figure 14a that 

Cx43 is densely expressed in the walls of the posterior cilliary and central retinal arteries 

without associated GFAP expression. However, within the substance of the optic nerve itself, 

expression of Cx43 and GFAP are very closely correlated to one another with overlay of the 

images of those stains together producing a yellow colour after the combination of red and 

green fluorescence (Fig 14a, 14b and 14c). Higher magnification of the normal optic nerve 

(Fig 14b and 14c) clearly demonstrates linear arrangement of the cells within the nerve and 
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expression of a significant amount of Cx43 and GFAP. The images also demonstrate the 

abundance of both of these proteins in the optic nerve that are richly expressed by the 

predominant glial cell types. 

Global overview (Fig 15a) of MPO stained slides does not support presence of neutrophils 

within the optic nerve in either normal or sham nerves. The higher magnification (Fig 15b) 

image does show some non-specific uptake within the walls of the micro-vessels inside the 

normal nerves, and some of the sham nerves. This however is very different from what is seen 

in the experimental nerves (shown elsewhere in the thesis) and is most likely due to non-

specific staining of the blood vessel walls in some normal and sham nerves, as opposed to 

staining of a localised area of early inflammatory response that is seen in the experimental 

nerves. Similar findings apply to ED1 stained slides. On global overview (Fig 16a) there is no 

evidence of ED1 expression in either normal or sham nerves in contrast to what is seen at a 

later time points in the experimental nerves (shown elsewhere in the thesis). The higher 

magnification also shows non-specific staining, most probably located within the walls of the 

blood vessels, as can be judged from long linear patterns of fluorescence in figure 16c 

(demonstrating distal fragments of the optic nerves). The pattern of staining is somewhat 

different in the proximal segments of the optic nerves (Fig 16b), but this is explained by the 

nerve being bent in this region (inevitable artefact of tissue processing) as it enters the globe 

and thus results in many micro-vessels being cut in a cross-sectional or oblique fashion. This 

pattern of non-specific staining is different to what is seen in the experimental optic nerves at 

later time points following the injury. Thus the conclusion for both MPO and ED1 stains is 

that there is no specific localised staining present in either normal or sham nerves. 

An overview of H&E and immunohistochemistry of the normal and sham rat optic nerves 

shows no discernible difference in either orderly structural arrangement of the cells in the 
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optic nerves, or change in the expression of the key proteins studied in the experiments 

employed in the thesis. 
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Fig.10 H&E staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 24 hours 

following sham procedure are shown in c) and d), and nerves seven days following sham procedure are shown in 

e) and f). Orderly linear nerve architecture is seen on all of the optic nerves, including those that have undergone 

a sham procedure 24 hours and seven days prior. There is no difference in appearance of the normal optic nerves 

and those that have undergone a sham surgery. 
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Fig.11a DAPI staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 24 

hours following sham procedure are shown in c) and d), and nerves seven days following sham procedure are 

shown in e) and f). All six optic nerves are shown below at lower magnification. Low magnification allows for 

review of almost all of the retrobulbar optic nerve. The nuclei of cells are arranged in orderly columns running 

along the length of the retrobulbar portion of the optic nerve. There is no disruption to this arrangement in sham 

operated optic nerves either at 24 hours or at 7 days following the procedure. 
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Fig.11b DAPI staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 24 

hours following sham procedure are shown in c) and d), and nerves seven days following sham procedure are 

shown in e) and f). All six optic nerves are shown below at higher magnification. Higher magnification clearly 

demonstrates linear orientation of nuclei along the whole length of the optic nerves. There is no effect on such 

orderly nuclei arrangement within the optic nerve by a sham procedure at either time point. 
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Fig.12a GFAP staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 24 

hours following sham procedure are shown in c) and d), and nerves seven days following sham procedure are 

shown in e) and f). All six optic nerves are shown below at lower magnification. Low magnification allows for 

review of almost all of the retrobulbar optic nerve. There is a widespread expression of GFAP within the 

substance of the optic nerve due to the abundance of astrocytes expressing this protein. The inner layer of the 

retina also shows some fluorescence due to the Muller cell’s also expressing GFAP. Once again, orderly linear 

orientation along the length of the optic nerve is noted. There is no disruption to such organised nerve 

architecture by sham surgery either at 24 hours or 7 days following the procedure.  



~ 77 ~ 

 

 

 

 

 

 



~ 78 ~ 

 

Fig.12b GFAP staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 24 

hours following sham procedure are shown in c) and d), and nerves seven days following sham procedure are 

shown in e) and f). All six optic nerves are shown below at higher magnification. High magnification allows for 

clear demonstration of the orderly liner arrangement of GFAP positive cells, i.e. astrocytes, along the length of 

the optic nerve. There is no disruption to such organised nerve architecture by sham surgery either at 24 hours or 

at 7 days following the procedure. 
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Fig.13a Cx43 staining of the of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 

24 hours following sham procedure are shown in c) and d), and nerves seven days following sham procedure are 

shown in e) and f).  All six optic nerves are shown below at lower magnification. Low magnification allows for 

review of almost all of the retrobulbar optic nerve. There is an abundance of Cx43 expression within the 

substance of the optic nerve as well as in the blood vessel walls clearly seen on some of the sections. Cx43 

expression also seems to exhibit orderly liner arrangement along the length of the optic nerve seen on DAPI and 

GFAP staining. There is no disruption to such organised nerve architecture by sham surgery either at 24 hours or 

at 7 days following the procedure. 
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Fig.13b Cx43 staining of the of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves 

24 hours following sham procedure are shown in c) and d), and nerves seven days following sham procedure are 

shown in e) and f).  All six optic nerves are shown below at higher magnification. High magnification allows for 

clear demonstration of orderly liner arrangement along the length of the optic nerve that Cx43 expression 

follows within the substance of the nerve. There is no disruption to such organised nerve architecture by sham 

surgery either at 24 hours or at 7 days following the procedure. 
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Fig.14a Overlay (d) of the DAPI (a), GFAP (b) and Cx43 (c) stains of the Normal rat optic nerve. All images of 

the optic nerve are shown at lower magnification allowing overview of the most of the retrobulbar optic nerve. 

Overlay of different stains at low magnification allows for demonstration of the extent and pattern of expression 

of GFAP and Cx43 expression as well as their relationship to other pertinent anatomical features of the globe 

and overall tissue organisation. There is a significant co-localisation of Cx43 protein and GFAP, producing 

yellow colour (image d) when red (GFAP) and green (Cx43) combine. This points to the fact that Cx43 is 

expressed by astrocytes which are abundantly present within retrobulbar optic nerve and are the main type of 

glial cell throughout the nerve. Retinal Muller cells also appear to express both GFAP and Cx43, running in a 

thin line along the inner surface of the retina. Blood vessels outside of the optic nerve abundantly express Cx43 

within their walls. 
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Fig.14b Overlay (d) of the DAPI (a), GFAP (b) and Cx43 (c) stains of the Normal rat optic nerves. All images of 

the optic nerve are shown at higher magnification allowing appreciation of the orderly tissue architecture within 

the tissue of the optic nerve. High magnification allows for clear demonstration of orderly liner arrangement of 

nuclei, GFAP and Cx43 along the length of the retrobulbar portion of the optic nerve as well as co-localisation of 

GFAP and Cx43 staining, indicating abundant expression of Cx43 by optic nerve astrocytes. 
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Fig.14c Overlay (d) of the DAPI (a), GFAP (b) and Cx43 (c) stains of the Normal rat optic nerves. All images of 

the optic nerve are shown at high magnification, demonstrating the relationship between GFAP and Cx43 

expression and their arrangement around ordered columns of cells running throughout the length of the optic 

nerve. High magnification allows for clear demonstration of orderly liner arrangement of nuclei, GFAP and 

Cx43 along the length of the retrobulbar portion of the optic nerve as well as co-localisation of GFAP and Cx43 

staining, indicating abundant expression of Cx43 by optic nerve astrocytes. 
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Fig.15a MPO staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – f). Nerves at 24 

hours following sham procedure are shown in c) and d), and nerves at seven days following sham procedure are 

shown in e) and f).  All six optic nerves are shown at low magnification. Low magnification allows for review of 

almost all of the retrobulbar optic nerve. No MPO staining appears to be present in any of the optic nerves at this 

magnification. Thus no neutrophils are present within the retrobulbar portion of the optic nerve in either normal 

or sham operated nerves. 
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Fig.15b MPO staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves at 24 

hours following sham procedure are shown in c) and d), and nerves at seven days following sham procedure are 

shown in e) and f).  All six optic nerves are shown at higher magnification, demonstrating some non-specific 

staining of the endothelial walls of small blood vessels in both Normal and Sham operated optic nerves, thus 

suggesting the artefactual nature of such staining. 
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Fig.16a ED1 staining of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). Nerves at 24 

hours following sham procedure are shown in c) and d), and nerves at seven days following sham procedure are 

shown in e) and f). All six optic nerves are shown at low magnification. Low magnification allows for review of 

almost all of the retrobulbar optic nerve. No ED1 staining appears to be present in any of the optic nerves at this 

magnification. Thus no macrophages are present within the retrobulbar optic nerve in either normal or sham 

operated nerves. 
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Fig.16b ED1 staining of the proximal part of the Normal rat optic nerves (a and b) and Sham surgery nerves (c 

– d). Nerves at 24 hours following sham procedure are shown in c) and d), and nerves at seven days following 

sham procedure are shown in e) and f). All six optic nerves are shown at higher magnification, demonstrating 

some non-specific staining of the endothelial walls of small blood vessels in both Normal and Sham operated 

optic nerves, thus suggesting the artefactual nature of such staining. 
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Fig.16c ED1 staining of the distal part of the Normal rat optic nerves (a and b) and Sham surgery nerves (c – d). 

Nerves at 24 hours following sham procedure are shown in c) and d), and nerves at seven days following sham 

procedure are shown in e) and f). All six optic nerves are shown at higher magnification, demonstrating some 

non-specific staining of the endothelial walls of small blood vessels in both Normal and Sham operated optic 

nerves, thus suggesting the artefactual nature of such staining. 
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One hour post laser exposure 
 

At one hour after laser exposure, a distinct lesion had formed within the optic nerve which 

was evident as regions of lighter labelling on H&E stained section overviews (Fig 17a shows 

each of the five lesions collected for this time point). The lesions occupied a range of 1/4 to 

2/3 of the optic nerve diameter and formed a semicircle shape within the nerve. There was no 

sign of overall nerve oedema at this time point and tissue away from the lesion appears to be 

unaffected in these lower magnification views. The regular optic nerve architecture was 

disrupted within the lesion itself, and the lesions appeared to be composed of oedematous and 

largely acellular tissue (Figure 17b). Regular columns of cells typical of normal optic nerves 

have been disrupted in the region of the lesion itself, as evident on both DAPI and H&E 

stained sections (Fig 17 and 18). There is a loss of cells and considerable reduction in the 

density of nuclei in this region.  

There is a marked decrease in GFAP expression in the area of laser induced damage (Fig 19). 

This decrease in expression of glial fibrillary acidic protein spreads well beyond the area of 

oedema and disordered tissue architecture as seen on both H&E (Fig 17) and DAPI stained 

sections (Fig 19). This is clearly demonstrated on the overlapping images of DAPI and GFAP 

stained sections (Fig 20). Such a pattern of GFAP staining is indicative of death or 

dysfunction of astrocytes in a wider area than the core of the lesion shown on the sections 

with DAPI and H&E stains.  

There is also a change in the amount of the Cx43 expressed at the lesion site, with less Cx43 

staining present within the substance of the lesion compared with the rest of the optic nerve 

(Fig 21). The area of decrease in Cx43 staining appears to match with the area of reduced 

GFAP staining (Fig 22), however there is still a significant amount of Cx43 present in the area 

devoid of GFAP stain. This may reflect the fact that cells other than astrocytes, such as 
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endothelial cells and neutrophils, also express Cx43 and are still present within the core of the 

lesion one hour after the injury when the astrocytes have died. In fact, expression of Cx43 by 

neutrophils (Fig 24d arrowhead) and endothelial cells (Fig 24d arrow and Fig 25) can be seen 

within the lesion on images overlaying several stains together.  

There is a sparse faint staining of the neutrophil specific marker, MPO, within the lesion site 

(Fig 23) but not elsewhere in the neural tissue, signifying early presence of few neutrophils. 

On high magnification these MPO positive cells appear to express a large amount of Cx43 as 

seen on overlapping images of these stains (Fig 24). Thus, presence of neutrophils, as 

mentioned earlier, may explain the difference in the amount of GFAP and Cx43 staining 

within the lesion. 

No ED1 staining was seen at the lesion site or elsewhere in the nerve at this time point in any 

of the animals, indicating absence of macrophages at this stage after the injury induction (Fig 

26). 

A summary of the lesion appearance utilising different staining techniques can be seen in Fig 

27, where a representative image of every stain used in this project was taken from a group of 

images of the successful rLRON inductions. This provides an overview of the lesion 

morphology and surrounding optic nerve structure one hour following the injury. 
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Fig.17 H&E staining of the successful rLRON inductions one hour post laser exposure. All five optic nerves 

with successful inductions are shown in Fig 17a at low magnification. A representative lesion is shown in Fig 

17b at higher magnification. Disruption of the regular cell arrangement within the lesion is seen on both a.) and 

b) images. Higher magnification of the lesion demonstrates that it is composed of oedematous and largely 

acellular tissue. The regular columnar cell arrangement outside of the lesion itself is preserved and can be seen 

on low magnification images. 
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Fig.18 DAPI staining of the successful rLRON inductions one hour post laser exposure. Four optic nerves with 

successful inductions are shown (the image of the 5
th

 optic nerve contained an artefact as a result of the tissue 

processing which made it uninterpretable. Hence it was omitted from the following figure). The regular linear 

arrangement of cells in columns can be clearly seen within the optic nerve, with some disruption to this 

arrangement at the site of the lesion. 
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Fig.19 GFAP staining of the successful rLRON inductions one hour post laser exposure. Four optic nerves with 

successful inductions are shown below (image of the 5
th

 optic nerve contained an artefact as a result of the tissue 

processing which made it uninterpretable. Hence it was omitted from the following figure). There is a marked 

decrease in GFAP expression in the area of laser induced damage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



~ 106 ~ 

 

Fig.20 Overlay of the GFAP and DAPI stains of the successful rLRON inductions one hour post laser exposure. 

Four optic nerves with successful inductions are shown below (image of the 5
th
 optic nerve contained an artefact 

as a result of the tissue processing which made it uninterpretable. Hence it was omitted from the following 

figure). It appears that marked decrease in GFAP expression spreads well beyond the area of tissue 

disorganisation as shown by the lack of GFAP staining over the regular columns of cells running in linear 

fashion within the optic nerve. 
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Fig.21 Cx43 staining of the successful rLRON inductions one hour post laser exposure. Four optic nerves with 

successful inductions are shown below (image of the 5
th

 optic nerve contained an artefact as a result of the tissue 

processing which made it uninterpretable. Hence it was omitted from the following figure). Some down 

regulation of Cx43 expression is evident at the lesion site compared with the rest of the optic nerve. This 

however is not as marked as downregulation of GFAP expression in the same region. 
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Fig.22 Overlay of the GFAP and Cx43 stains of the successful rLRON inductions one hour post laser exposure. 

Four optic nerves with successful inductions are shown below (image of the 5
th
 optic nerve contained an artefact 

as a result of the tissue processing which made it uninterpretable. Hence it was omitted from the following 

figure). Overall there is excellent colocalisation of GFAP and Cx43 stains within the majority of the optic nerve 

with yellow/orange colour being produced when green (cx43) and red (GFAP) overlap. The meninges, devoid of 

GFAP, stain only for Cx43. Expression of both Cx43 and GFAP is reduced within the lesion core, however there 

is more marked reduction of GFAP in that region and only partial decrease in Cx43 expression. This may reflect 

the fact that cells other than astrocytes, such as endothelial cells and neutrophils, also express Cx43 and are still 

present within the lesion core when the astrocytes have died. 
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Fig.23 MPO staining of the successful rLRON inductions one hour post laser exposure. All five optic nerves 

with successful inductions are shown below. There is only sparse, faint staining of the neutrophil specific 

marker, MPO, within the lesion site at this time point. 
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Fig.24 Overlay (d) of DAPI stain (a), MPO (b) and Cx43 (c) stains within the core of the lesion one hour after 

the injury. The overlay (d) is shown at a high magnification. Arrowhead marks a neutrophil with positive MPO 

and Cx43 staining, and the arrow marks an elongated nucleus of an endothelial cell of a blood vessel with 

surrounding Cx43 staining. Expression of Cx43 by neutrophils and endothelial cells of the blood vessels within 

the core of the lesion (as seen in this figure) are likely responsible for the fact that there is only partial 

downregulation of Cx43 within the lesion at one hour following the injury, as opposed to almost complete 

absence of GFAP staining in the same region, as seen in Fig 22. 
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Fig.25 Pattern of Cx43 expression within the substance of the lesion one hour after the injury, delineating a 

blood vessel wall (a) with Cx43 expressed by endothelial cells (arrowheads). The overlay of DAPI and Cx43 

stains (b) shows the  elongated nuclei of endothelial cells within the blood vessel (arrows). This provides further 

evidence to the contribution of vascular endothelial cells to Cx43 expression within the lesion site. 
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Fig.26 ED1 staining of the successful rLRON inductions one hour post laser exposure, showing absence of 

expression of the ED1 stain at the lesion site as well as elsewhere in the nervous tissue. All five optic nerves with 

successful inductions are shown below. 

 
 

 

 

 

 

 

 

 

  



~ 114 ~ 

 

Fig.27 Summary of lesion development at one hour following laser exposure with representative images taken 

from all of the stains utilised in the project. The images demonstrate: a – H&E, b – DAPI, c – GFAP, d – Cx43, e 

– MPO, f – ED1. An oedematous and largely acellular lesion is present on the H&E stained section (a), with 

some disruption to the regular linear cell arrangement visible on DAPI stain (b). Downregulation of both GFAP 

and Cx43 expression within the lesion are visible on images (c) and (d) respectively. Sparse faint MPO staining 

at the site of the lesion is shown on image (e), as well as the absence of ED1 expression anywhere within the 

nervous tissue at this stage – on image (f). 
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Eight hours post laser exposure 

 

 

At eight hours post injury, lesions tended to be larger in size occupying between 30 and 60% 

of optic nerve diameter, with the exception of one nerve, which had a smaller lesion. The 

lesion site is still oedematous with sparse nuclei within the lesion’s disrupted tissue 

architecture. However more nuclei are now present in a disorderly fashion within the area of 

direct laser damage on H&E (Fig 28) and DAPI (Fig 29) stained sections compared to one 

hour after the injury, suggesting the appearance of an early inflammatory infiltrate.  This is 

further supported by the fact that the site of the laser damage demonstrates increased 

fluorescence with MPO (Fig 35) and ED1 (Fig 36) stains, indicating the presence of 

neutrophils and macrophages respectively.  

At eight hours post laser exposure there is significantly more MPO staining at the lesion site 

compared to the one hour time point, demonstrating that there is an increased number of 

neutrophils in the lesion eight hours after the injury. MPO staining of the affected region of 

the nerve is more extensive than that of ED1, which is consistent with an overall 

inflammatory response, where neutrophils (stained with MPO-specific antibody) are the first 

responders and macrophages (stained with ED1-specific antibody) arrive at a later stage, 

albeit quite early in this case. Another possibility is that ED1 positive cells at this time point 

represent activated microglia resident within the substance of the nerve, or perhaps a 

combination of both – local microglia and blood derived macrophages. Fig 37 shows an area 

of the optic nerve close to the lesion under high magnification. The plane bisects 

longitudinally through a capillary with the elongated nucleus of an endothelial cell seen 

supero-centrally (arrowhead). There is a round part of a nucleus surrounded by ED1 stained 

cytoplasm within the lumen of that blood vessel (arrow), as well as several other similar 
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rounder-looking nuclei with ED1 positive cytoplasm outside of the vessel wall. This strongly 

suggests extravasation of the ED1 stained macrophages from the capillaries into the tissue of 

the nerve and signifies the beginning of the inflammatory response at the lesion edge. There 

also seems to be sparse but definite punctuate Cx43 staining in the MPO positive area at the 

centre of the damaged area (Fig 38), implicating neutrophils and Cx43 in the early stages of 

the inflammatory response. This is further supported by the definite presence of Cx43 within 

the area of the lesion (Fig 32 and 33), at a sparser density than elsewhere in the nerve.  

The lesion area is largely devoid of astrocytes (Fig 30 and 31), but contains early 

inflammatory cells as demonstrated on MPO (Fig 35) and ED1 stained sections (Fig 36). 

There is also a hint of increased hyperfluorescence at the border of the lesion on GFAP 

staining in two out of three nerves shown (Fig 30), suggesting that astrocytosis is developing 

at the edge of the laser damaged area of the nerve.  

Thus it seems that Cx43 plays an important role in the early inflammatory response in the 

evolution of the lesion within the optic nerve following the laser exposure. It is present in the 

area of damage itself, where it is expressed by inflammatory cells that are beginning to appear 

in this region, as well as at the border of the lesion, where it is abundantly expressed by 

endothelial cells of the capillaries (Fig 34) as well as surrounding astrocytes.  

A summary of the lesion appearance utilising different staining techniques can be seen in Fig 

39, where a representative image of every stain used in this project was taken from a group of 

images of the successful rLRON inductions. This provides an overview of the lesion 

morphology and surrounding optic nerve structure eight hours following the injury. 
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Fig.28 H&E staining of the successful rLRON inductions eight hours post laser exposure. All four optic nerves 

with successful inductions are shown in a) at lower magnification. A representative lesion is shown in Fig 28b at 

higher magnification. The lesion is still largely oedematous with only sparse nuclei present in a disorderly 

pattern within the area of direct laser damage. However there are noticeably more nuclei present within the 

lesion compared to one hour following the injury induction. Several small blood vessels with thin elongated 

endothelial nuclei are seen at the lesion site on high magnification image (b). 
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Fig.29 DAPI staining of the successful rLRON inductions eight hours post laser exposure. Three optic nerves 

with successful inductions are shown (an image of the 4
th
 optic nerve contained an artefact as a result of the 

tissue processing which made it uninterpretable. Hence it was omitted from the following figure). Multiple 

nuclei are now present at the lesion site. However, these lack the linear column structure present elsewhere in the 

neural tissue, and are arranged in a disorderly fashion. 
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Fig.30 GFAP staining of the successful rLRON inductions eight hours post laser exposure. Three optic nerves 

with successful inductions are shown (an image of the 4
th
 optic nerve contained an artefact as a result of the 

tissue processing which made it uninterpretable. Hence it was omitted from the following figure). Significant 

downregulation of GFAP expression persists within the lesion itself pointing to the death of astrocytes in this 

region. However at the border of the lesion there is a suggestion of a band of increased hyperfluorescence, 

indicating an increased level of GFAP expression at this locality, which occurs during an inflammatory response 

of astrocytosis. 
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Fig.31 Overlay of the GFAP and DAPI stains of the successful rLRON inductions eight hours post laser 

exposure. Three optic nerves with successful inductions are shown (an image of the 4
th

 optic nerve contained an 

artefact as a result of the tissue processing which made it uninterpretable. Hence it was omitted from the 

following figure). Cells present within the lesion itself are clearly not astrocytes as they lack GFAP expression. 

A band of increased GFAP expression is seen at the edge of the lesion on images (a) and (b).  
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Fig.32 Cx43 staining of the successful rLRON inductions eight hours post laser exposure. Three optic nerves 

with successful inductions are shown (image of the 4
th

 optic nerve contained an artefact as a result of the tissue 

processing which made it uninterpretable. Hence it was omitted from the following figure). There is definite 

downregulation of Cx43 expression within the lesion, but it is not completely absent (in contrast to GFAP), 

indicating its expression by cells other than astrocytes at the site of the lesion. 
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Fig.33 Overlay of the GFAP and Cx43 stains of the successful rLRON inductions eight hours post laser 

exposure. Three optic nerves with successful inductions are shown (an image of the 4
th

 optic nerve contained an 

artefact as a result of the tissue processing which made it uninterpretable. Hence it was omitted from the 

following figure). An excellent colocalisation of Cx43 and GFAP is again demonstrated everywhere within the 

substance of the optic nerve bar the site of the lesion, where there is more Cx43 expressed than GFAP. 
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Fig.34 Border of the lesion at high magnification, demonstrating high density of GFAP and Cx43 staining 

around the blood vessels (arrow heads) which are abundant around the injury site. Endothelial cells show high 

density of Cx43 expression. DAPI – a), GFAP – b), Cx43 – c), overlay – d). 
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Fig.35 MPO staining of the successful rLRON inductions eight hours post laser exposure. All four optic nerves 

with successful inductions are shown below. There is noticeably denser MPO staining at the lesion site compared 

with one hour after the injury, indicating an increased number of neutrophils present at the lesion at this time 

point. 
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Fig.36 ED1 staining of the successful rLRON inductions eight hours post laser exposure, showing faint ED1 

staining at the lesion site but not elsewhere in the neural tissue. All four optic nerves with successful inductions 

are shown below.  
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Fig.37 Cells in the area close to the lesion at high magnification, demonstrating close proximity of ED1 stained 

cells (arrows) to a blood vessel (arrow head is pointing to the nucleus of endothelial cell). This most probably 

indicates extravasation of inflammatory cells at or close to the site of injury. DAPI – a), ED1 – b), Cx43 – c), 

overlay – d). 
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Fig.38 Region of the lesion at high magnification, demonstrating sparse punctuate Cx43 staining within the 

MPO positive region, suggesting neutrophils (arrowheads) as some of the cells expressing Cx43 within the 

lesion. DAPI – a), Cx43 – b), MPO – c), overlay – d). 
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Fig.39 Summary of lesion development at eight hours following laser exposure with representative images taken 

from all of the stains utilised in the project. The images demonstrate: a – H&E, b – DAPI, c – GFAP, d – Cx43, e 

– MPO, f – ED1. The section stained with H&E (a) demonstrates that the lesion is still oedematous, however it is 

no longer acellular and sparse chaotically arranged nuclei can now be seen within the lesion (a and b). The 

disorganised tissue architecture of the lesion is in marked contrast to the orderly linear arrangement of cells seen 

elsewhere in the optic nerve (b). Downregulation of both GFAP and Cx43 expression within the lesion is visible 

on images (c) and (d) respectively. However there is a higher level of Cx43 expression within the lesion than 

GFAP, demonstrating that cells other than astrocytes express Cx43 in this region. There is also a band of 

upregulation of GFAP expression at the border of the lesion (c), suggesting an inflammatory process of 

astrocytosis. Appearance of early inflammatory cells within the lesion is indicated by the increased density of 

MPO staining (e) as well as faint sparse ED1 staining (f), which could be due to a combination of arrival of some 

blood borne macrophages and activated resident microglia. 



~ 130 ~ 

 

 

 

 

 

 

  



~ 131 ~ 

 

Twenty four hours post laser exposure 
 

 

The size of the lesion, as can be seen on H&E slides (Fig 40), tended to vary quite 

significantly at 24 hours post injury from about 30% of the nerve’s diameter to about 70%. 

Morphological changes in lesion appearance continue to evolve with oedema still being 

present at the lesion site albeit less prominently than at the previous time points (Fig 40). 

Normal orderly nerve architecture is replaced by randomly arranged cells at the site of the 

lesion as demonstrated on DAPI staining (Fig 41) as well as on the overlay of DAPI and 

GFAP stains (Fig 43). Evidence that the nature of those cells are inflammatory in origin is 

confirmed by neutrophil-specific MPO marker (Fig 47 and 47a) and macrophage-specific 

ED1 marker (Fig 50). Dramatic changes in orderly nerve architecture within the lesion site are 

well illustrated in Fig 46, which compares chaotic cell arrangement at the site of the laser 

damage with the linear orientation of cells running along the length of the distal portion of the 

optic nerve considerable distance away from the lesion site.  

The GFAP stain (Fig 42) demonstrates a distinct border (more prominent on some nerves than 

others) of hyperfluorescence along the lesion edge, which signifies the beginning of 

astrocytosis in this region and suggests “walling off” of the damaged area from the rest of the 

optic nerve. There is also a corresponding increase in Cx43 expression at the border of the 

lesion (Fig 44) which matches heightened levels of GFAP at that location (Fig 45 and 45a, in 

particular nerves a. and b.). Such a finding implicates the importance of Cx43 in the early 

inflammatory response to the injury and, in particular, its role in an astrocytic reaction at the 

border of the lesion.  

Expression of both GFAP and Cx43 is markedly reduced at the lesion site compared to the 

rest of the optic nerve. This supports the finding that astrocytes are the major cell type 

expressing Cx43 within the substance of the optic nerve. Complete destruction of the 
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astrocytes within the area of direct laser damage drastically reduces the amount of Cx43 

expressed in that region. However, punctuate Cx43 staining is still present in the area which is 

lacking any GFAP staining (Fig 45 and 45a). Thus cells other than astrocytes express Cx43 at 

the site of the laser induced damage. Similar to eight hour time point, these are inflammatory 

cells such as neutrophils and macrophages as well as endothelial cells of the capillaries within 

this area.  

The inflammatory infiltrate at the lesion appears to be more prominent compared to the eight 

hour time point. There is still significant MPO staining at the lesion site (Fig 47 and 47a). As 

can be seen on Fig 48, the MPO positive region of the optic nerve, i.e. the lesion site, is dotted 

with punctuate Cx43 stain but its expression is much less than in the remainder of the nerve. 

Fig 49 further demonstrates the presence of randomly arranged nuclei of the inflammatory 

cells within the region of dense MPO staining.  

Expression of ED1 is still sparse at 24 hours post injury but it is more intense than at the eight 

hour time point (Fig 50), suggesting an increased influx of macrophages or activated 

microglia into the lesion site. 

A summary of the lesion appearance utilising different staining techniques can be seen in Fig 

51, where a representative image of every stain used in this project was taken from a group of 

images of the successful rLRON inductions. This provides an overview of the lesion 

morphology and surrounding optic nerve structure 24 hours following the injury. 
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Fig.40 H&E staining of the successful rLRON inductions 24 hours post laser exposure. All six optic nerves with 

successful inductions are shown at lower magnification. A representative lesion is shown at higher 

magnification. Oedema still appears to be present within the lesion but it is less prominent than at the previous 

time points. There is an increased number of randomly arranged cells, as evidenced by their nuclei, at the site of 

the lesion. Some blood vessels with thin elongated nuclei are also seen within the laser-damaged region on high 

magnification image (b). 
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Fig.41 DAPI staining of the successful rLRON inductions 24 hours post laser exposure, showing the lesion site. 

All six optic nerves with successful inductions are shown below. Lack of orderly linear organisation of cells is 

evident within the lesion, where cells are arranged in a chaotic pattern. 

 

 



~ 135 ~ 

 

Fig.42 GFAP staining of the successful rLRON inductions 24 hours post laser exposure, showing the lesion site. 

All six optic nerves with successful inductions are shown below. There is absence of GFAP expression within 

the lesion itself, however at the border of the lesion there is a rim of hyperfluorescence, signifying an  increase in 

GFAP expression pertinent in inflammatory process of astrocytosis. 
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Fig.43 Overlay of the GFAP and DAPI stains of the successful rLRON inductions 24 hours post laser exposure, 

showing the lesion site. All six optic nerves with successful inductions are shown. The disordered arrangement 

of nuclei (on DAPI staining) at the site of the lesion is nicely highlighted with delineation of the extent of the 

lesion by a rim of hyperfluorescence on GFAP stain at the border of the damaged region. This is in contrast to a 

regular linear arrangement of nuclei elsewhere in the neural tissue. 
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Fig.44 Cx43 staining of the successful rLRON inductions 24 hours post laser exposure, showing up-regulation of 

Cx43 expression at the border of the lesion and its down-regulation within the lesion. All six optic nerves with 

successful inductions are shown. 
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Fig.45 Overlay of the GFAP and Cx43 stains of the successful rLRON inductions 24 hours post laser exposure, 

showing co-localisation of Cx43 and GFAP up-regulation at the lesion’s border and their down-regulation at the 

lesion’s centre. Such increase in Cx43 expression at the site GFAP upregulation (marking presence of 

astrocytosis), implicates Cx43 as important player in early inflammatory response to the injury of the nervous 

tissue. All six optic nerves with successful inductions are shown. 
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Fig.45a Overlay of the GFAP and Cx43 stains of the successful rLRON inductions 24 hours post laser exposure 

showing co-localisation of Cx43 and GFAP up-regulation at the lesion border and their down-regulation at the 

lesion centre. Use of a higher magnification than that in Fig 6 allows for better resolution of details of Cx43 

expression, in particular the finding that punctuate Cx43 staining is still present within the lesion where GFAP 

expression is completely absent. This once again demonstrates that cells other than astrocytes must express Cx43 

in that region. The most likely candidates are inflammatory cells infiltrating the site of the lesion. All six optic 

nerves with successful inductions are shown. 
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Fig.46 Comparison of the orderly nerve architecture (DAPI staining), GFAP and Cx43 expression in the distal 

portion of the optic nerve (located considerable distance away from the lesion) with disorderly cell arrangement, 

GFAP and Cx43 expression within the area of the lesion. The left hand photos (a, c, e) are those of the lesion, 

and the right hand photos (b, d, f) are of distal segments of the optic nerves. DAPI – a) and b), GFAP – c) and d), 

Cx43 e) and f). 
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Fig.47 MPO staining of the successful rLRON inductions 24 hours post laser exposure showing expression of 

the MPO stain at the lesion site but not elsewhere in neural tissue. All six optic nerves with successful inductions 

are shown at lower magnification. 
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Fig.47a MPO staining of the successful rLRON inductions 24 hours post laser exposure showing expression of 

the MPO stain at the lesion site. All six optic nerves with successful inductions are shown at higher 

magnification. Definite MPO expression at the lesion site is clearly visible at the higher magnification, 

signifying the presence of inflammatory cells within the region. 
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Fig.48 Overlay of the MPO and Cx43 stains of the successful rLRON inductions 24 hours post laser exposure 

showing MPO staining at the lesion centre. All six optic nerves with successful inductions are shown. Punctate 

Cx43 fluorescence is present in the MPO positive region albeit with much reduced density compared to the rim 

surrounding the lesion site. This once again suggests that inflammatory cells are partly responsible for the 

persistence of an identifiable level of Cx43 expression within the area of laser-induced damage.  
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Fig.49 Overlay of the MPO, Cx43 and DAPI stains of the successful rLRON inductions 24 hours post laser 

exposure, showing MPO staining at the lesion centre. All six optic nerves with successful inductions are shown. 

The presence of chaotically arranged nuclei in the MPO positive region confirms the inflammatory nature of the 

infiltrate seen on H&E and DAPI stained sections. 
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Fig.50 ED1 staining of the successful rLRON inductions 24 hours post laser exposure showing expression of the 

ED1 stain at the lesion site but not elsewhere in neural tissue. All six optic nerves with successful inductions are 

shown below. Expression of ED1 is still sparse at this time point but it is more prominent than at eight hours, 

suggesting an increasing influx of macrophages or activated microglia into the lesion site. 
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Fig.51 Summary of lesion development at 24 hours following laser exposure with representative images taken 

from all of the stains utilised in the project. Images demonstrate: a – H&E, b – DAPI, c – GFAP, d – Cx43, e – 

MPO, f – ED1. There is still some oedema seen on H&E stained sections at the lesion site with an increased 

number of randomly arranged cells at the region of laser-induced damage, seen on both H&E (a) and DAPI (b) 

stains. The nature of those cells is inflammatory in origin which is confirmed by MPO (e) and ED1 (f) staining. 

ED1 staining within the lesion appears to be more prominent than for the previous time point, indicating the 

arrival of larger number of macrophages or activated microglia at the area of laser damage. A rim of upregulated 

GFAP expression persists around the lesion, “walling it off” from the remainder of the nervous tissue (c). This is 

matched by an increased level of Cx43 expression at the same region, implicating Cx43 involvement in the 

process of astrocytosis present at the edge of the lesion. Punctuate Cx43 expression, albeit at much lower levels 

than in normal portions of the optic nerve, also persists within the site of the lesion. This further implicates 

Cxe43 involvement in the early inflammatory process within the neural tissue, but this time it is being expressed 

by neutrophils and macrophages that are present at the area of damage. 
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Seventy two hours post laser exposure 
 

 

The size of the lesion at 72 hours varied considerably, occupying from approximately 1/5
th

 of 

the nerve diameter to about a half of the nerve diameter. The lesion itself is no longer 

oedematous and acellular but is filled with a dense inflammatory infiltrate, composed of a 

mixture of neutrophils and macrophages as confirmed by MPO and ED1 staining respectively 

(Fig 59 and 61). This infiltrate lacks orderly architecture present elsewhere in the optic nerve 

(Fig 58a and 58b), and cells are chaotically arranged within the core of the lesion, as 

evidenced on sections stained with H&E (Fig 52) and DAPI (Fig 53 and 55).  

There is a complete absence of GFAP stain at the site of the laser damage (Fig 54) as for 

previous time points, indicating death of the astrocytes previously present in the area as well 

as clearance of the debris from dying or dead astrocytes by the inflammatory cells now 

abundantly present within the lesion site. In the majority of the optic nerves at this time point 

there is a thin area of GFAP upregulation surrounding the lesion (Fig 54 and 55). Such focal 

hyperfluorescence is suggestive of a local inflammatory response (astrocytosis) in an attempt 

to isolate the damaged area from the remaining healthy neural tissue. The marked difference 

in astrocytic arrangement between the region of the optic nerve immediately surrounding the 

lesion, and normal orderly architecture of the distal segment of the optic nerve is 

demonstrated in Fig 58c and 58d. 

The pattern of Cx43 expression closely follows that of GFAP with very little Cx43 expressed 

within the lesion core, and an area of increased Cx43 expression creating a border which 

encircles the lesion (Fig 56). Such close similarity in the pattern of expression of Cx43 and 

GFAP (highlighted in Fig 57 and 57a where overlay of images of Cx43 and GFAP stains 

generates a yellow colour in the places of co-localisation) is due to abundance of Cx43 gap 
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junctions on the astrocytes present in the optic nerve. It also implicates Cx43 in playing an 

important role in the initial inflammatory response following optic nerve insult. 

MPO staining is still present within the lesion site (Fig 59 and 59a), however it is not as 

pronounced in all of the optic nerves as at previous time point. This may hint at gradual 

replacement of the neutrophils with macrophages as the main type of inflammatory cells 

within the lesion at this stage. Such an assertion is supported by the dense expression of the 

macrophage-specific fluorescent marker ED1 at the site of the lesion in Fig 61, signifying the 

arrival of macrophages in considerable numbers to the site of the optic nerve damage. 

A summary of lesion appearance utilising different staining techniques can be seen in Fig 62, 

where a representative image of every stain used in this project was taken from a group of 

images of the successful rLRON inductions. This provides an overview of the lesion 

morphology and surrounding optic nerve structure 72 hours following the injury. 
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Fig.52 H&E staining of the successful rLRON inductions 72 hours post laser exposure. All six optic nerves with 

successful inductions are shown in Fig 52a at lower magnification. A representative lesion is shown in Fig 52b at 

higher magnification. The lesion is no longer oedematous or acellular and is densely filled with chaotically 

arranged nuclei of cells which are likely to be inflammatory in origin. The size of the lesion is variable. 
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Fig.53 DAPI staining of the successful rLRON inductions 72 hours post laser exposure, showing the lesion site. 

All six optic nerves with successful inductions are shown. The lesion site is densely filled with nuclei of cells 

lacking any particular order, in contrast to the regular linear arrangement of cells elsewhere in the neural tissue. 
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Fig.54 GFAP staining of the successful rLRON inductions 72 hours post laser exposure, showing the lesion site. 

All six optic nerves with successful inductions are shown. There is a complete absence of GFAP expression 

within the lesion site, as at previous time points, with a rim of hyperfluorescence at the border of the lesion. This 

rim of hyperfluorescence is much less intense when compared to the nerves 24 hours following laser-induced 

damage, possibly indicating a ‘settling down’ of the initial local astrocytic inflammatory response. 
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Fig.55 Overlay of the GFAP and DAPI stains of the successful rLRON inductions 72 hours post laser exposure, 

showing the lesion site. All six optic nerves with successful inductions are shown. The lesion area, densely filled 

with disorderly arranged nuclei (DAPI stain), is nicely delineated by GFAP stained neural tissue surrounding the 

damaged region. 
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Fig.56 Cx43 staining of the successful rLRON inductions 72 hours post laser exposure, showing up-regulation of 

Cx43 expression at the border of the lesion and its down-regulation within the lesion. All six optic nerves with 

successful inductions are shown.  
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Fig.57 Overlay of the GFAP and Cx43 stains of the successful rLRON inductions 72 hours post laser exposure, 

showing co-localisation of Cx43 and GFAP up-regulation at the lesion border and their down-regulation at the 

lesion centre, implicating Cx43 in playing an important role in the process of astrocytosis at the border of the 

lesion as at previous time point. All six optic nerves with successful inductions are shown at a lower 

magnification. 
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Fig.57a Overlay of the GFAP and Cx43 stains of the successful rLRON inductions 72 hours post laser exposure, 

showing co-localisation of Cx43 and GFAP up-regulation at the lesion border and their down-regulation at the 

lesion centre. All six optic nerves with successful inductions are shown at a higher magnification. 
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Fig.58 Comparison of the orderly nerve architecture (DAPI stain), GFAP and Cx43 expression in the distal 

portion of the optic nerve (located a considerable distance away from the lesion) with disorderly cell 

arrangement, GFAP and Cx43 expression within the area of the lesion. The left hand photos (a, c, e) are those of 

the lesion, and right hand photos (b, d, f) are of the distal segments of the optic nerves. DAPI – a) and b), GFAP 

– c) and d), Cx43 e) and f). 
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Fig.59 MPO staining of the successful rLRON inductions 72 hours post laser exposure, showing expression of 

the MPO stain at the lesion site but not elsewhere in the neural tissue. All six optic nerves with successful 

inductions are shown at lower magnification.  
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Fig.59a MPO staining of the successful rLRON inductions 72 hours post laser exposure, showing expression of 

the MPO stain at the lesion site but not elsewhere in the neural tissue. Four nerves with successful inductions are 

shown at a higher magnification (images of the other two optic nerves contained an artefact as a result of the 

tissue processing which made them uninterpretable. Hence they were omitted from the following figure).  
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Fig.60 Overlay of the MPO, Cx43 and DAPI stains of the successful rLRON inductions 72 hours post laser 

exposure, showing MPO staining at the lesion centre. All six optic nerves with successful inductions are shown. 

There is co-localisation of MPO staining within the lesion site with chaotically arranged DAPI-stained nuclei, 

confirming the inflammatory nature of the infiltrate present in the area of laser induced damage. 
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Fig.61 ED1 staining of the successful rLRON inductions 72 hours post laser exposure, showing expression of 

the ED1 stain at the lesion site but not elsewhere in the neural tissue. All six optic nerves with successful 

inductions are shown. Bright ED1 fluorescence is present at the site of the lesion in all of the optic nerves, 

signifying the arrival of considerable numbers of macrophages into the damaged region. 
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Fig.62 Summary of the lesion development at 72 hours following laser exposure with a representative image 

taken from all of the stains utilised in the project. Images demonstrate: a – H&E, b – DAPI, c – GFAP, d – Cx43, 

e – MPO, f – ED1. Resolution of the oedema can be seen at the site of the lesion on the sections stained with 

H&E as well as the presence of dense chaotically arranged cellular infiltrate (H&E and DAPI staining) 

composed of a combination of MPO positive neutrophils (e) and ED1 positive macrophages (f). A rim of GFAP 

upregulation around the lesion is still present (c), although it appears to be less intense than at 24 hours following 

the injury induction. This upregulation in GFAP expression at the lesion border is matched by upregulation of 

Cx43 expression in the same region, once again implicating Cx43 in the process of astrocytosis surrounding the 

lesion. 
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Seven days post laser exposure 
 

 

There are continual changes to the appearance of the lesion by seven days after the injury. By 

now the lesion is densely packed with inflammatory infiltrate as seen on H&E (Fig 63) and 

DAPI (Fig 64 and 66) stains. There is also a suggestion of elastic tissue deposition at the 

border of the lesion that can be seen in some nerves (Fig 63). This implies an attempt at 

isolation of the damaged area from the rest of the nervous tissue, thus minimising the damage 

to the surviving cells from the inflammatory process. However, there is evidence on H&E 

staining (Fig 63) of some disruption of the orderly tissue architecture spreading beyond the 

border of the lesion with longitudinal linear orientation of nuclei being less obvious in the 

immediate vicinity of the lesion compared to more remote areas.  The number of nuclei in 

close proximity of the lesion also seems to be increased, most probably signifying the 

presence of inflammatory cells in addition to astrocytes and endothelial cells that would 

normally be present.  

The lesion area is devoid of GFAP staining (Fig 65) as in previous time points, indicating 

death of the astrocytes in the area. There does not appear to be significant upregulation of 

GFAP expression at the lesion’s border one week after the injury. This suggests that the area 

of astrocytosis surrounding the lesion in the first few days after the insult resolves once the 

inflammatory response moves into a chronic stage. 

Cx43 expression closely follows that of GFAP within the optic nerve as can be seen on Fig 68 

and 68a. There is no increase in Cx43 expression at the border of the lesion (Fig 67) as seen in 

the previous time points, where increased hyperfluorescence at the lesion’s border on the 

sections stained for Cx43 matched the increased hyperfluorescence in the same region on the 

sections stained for GFAP. Once again, absence of such hyperfluorescence at the lesion 

border on sections stained for Cx43 correlates with the absence of hyperfluorescence on the 
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sections stained for GFAP. This implicates Cx43 as playing an important role in regulating an 

early astrocytic response to the injury within white matter tracts such as optic nerve. In 

addition, there is still punctate Cx43 staining within the area of the lesion (Fig 71), indicating 

its expression by inflammatory cells. This suggests that Cx43 is also important in an initial 

inflammatory response, involving recruitment of neutrophils and macrophages and/or 

activated microglia into the site of the lesion, as well as in the chronic phase of inflammation 

within the lesion core as distant as seven days after the nerve injury. 

Tissue disorganisation around the damaged area is maintained one week after the laser-

induced damage and contrasts against orderly longitudinal arrangement of cells in the distal 

portion the optic nerve, a considerable distance away from the lesion (Fig 69 and 69a). 

Due to the nature of the tissue processing, only a small number of slides were available for 

MPO staining and even then this could be done only in a small number of nerves for this time 

point. There was not enough lesion-containing material for most of the nerves involved, as 

slides that contained a definite area of damage were utilised for other stains. Thus there is 

only one optic nerve in this group of animals that was stained with MPO marker. It does 

demonstrate that there is still some MPO staining at the lesion site at seven days after the 

injury (Fig 70) and that the cells positive for MPO express Cx43 as mentioned earlier (Fig 

71).   

An interesting finding was revealed by ED1 staining at this particular time point. A “birds-eye 

view” of the retrobulbar optic nerve demonstrates wide spread inflammation within its 

substance (Fig 72), where there is intense ED1 staining at the site of the lesion (Fig 72a), but 

also a significant punctuate spread of ED1 staining much further distally than the original 

lesion site and involving almost all of the available length of the optic nerve. Fig 73 and 73a 

show such an inflammatory infiltration in association with DAPI stain, highlighting the wide 

distribution of inflammation within the optic nerve, even in the area seemingly having a 
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normal orderly longitudinal arrangement of cells. This inflammatory infiltrate is primarily 

present on the side of the nerve where the insult took place. This most probably points to the 

clearing of the damaged axons, which are no longer connected to their cell bodies in the retina 

downstream of the injury. 

A summary of lesion appearance utilising different staining techniques can be seen in Fig 74, 

where a representative image of every stain used in this project was taken from a group of 

images of the successful rLRON inductions. This provides an overview of the lesion 

morphology and surrounding optic nerve structure seven days following the injury. 
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Fig.63 H&E staining of the successful rLRON inductions seven days post laser exposure. All four optic nerves 

with successful inductions are shown in Fig 63a at lower magnification. A representative lesion is shown in Fig 

63b at higher magnification. There is an increase in density of chaotically arranged nuclei filling the lesion as 

compared to the previous time point. There is also a suggestion of elastic tissue deposition at the border of the 

lesion that can be seen on some of the nerves, indicating the beginning of scar tissue formation. 

 

 

 

 



~ 175 ~ 

 

Fig.64 DAPI staining of the successful rLRON inductions seven days post laser exposure, showing the lesion 

site. All four optic nerves with successful inductions are shown. The lesion is densely filled with chaotically 

arranged nuclei. 
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Fig.65 GFAP staining of the successful rLRON inductions seven days post laser exposure, showing the lesion 

site. All four optic nerves with successful inductions are shown. There is absence of GFAP expression at the 

lesion site as in previous time points. The rim of increased hyperfluorescence at the border of the lesion is no 

longer present, perhaps indicating transition of the acute inflammatory reaction at the edge of the lesion into a 

chronic scarring process. 
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Fig.66 Overlay of the GFAP and DAPI stains of the successful rLRON inductions seven days post laser 

exposure, showing the lesion site. All four optic nerves with successful inductions are shown. The lesion area, 

densely filled with disorderly arranged nuclei (DAPI stain), is nicely delineated by GFAP stained neural tissue 

surrounding the damaged region. 
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Fig.67 Cx43 staining of the successful rLRON inductions seven days post laser exposure. All four optic nerves 

with successful inductions are shown. There is downregulation of Cx43 expression at the lesion site as in 

previous time points. The rim of increased hyperfluorescence at the border of the lesion is no longer present, 

mirroring similar findings on GFAP stained sections. Thus, as the process of astrocytosis subsides at the lesion’s 

edge, Cx43 expression also decreases in that region.  
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Fig.68 Overlay of the GFAP and Cx43 stains of the successful rLRON inductions seven days post laser 

exposure, showing co-localisation of Cx43 and GFAP within the optic nerve and their down-regulation at the 

lesion’s centre. However, there is still some Cx43 expression present at the lesion when  GFAP expression is 

completely absent in this region. All four optic nerves with successful inductions are shown at lower 

magnification. 
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Fig.68a Overlay of the GFAP and Cx43 stains of the successful rLRON inductions seven days post laser 

exposure. All four optic nerves with successful inductions are shown at higher magnification. Higher 

magnification allows punctuate expression of Cx43 to be visible within the lesion, where there is no GFAP 

staining. 
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Fig.69 Comparison of the orderly nerve architecture, and GFAP and Cx43 expression in the distal portion of the 

optic nerve (located considerable distance away from the lesion) with disorderly cell arrangement, GFAP and 

Cx43 expression within the area of the lesion. The left hand photos (a, c, e) are those of the lesion, and the right 

hand photos (b, d, f) are of the distal segments of the optic nerves. All photos demonstrate an overlay of Cx43 

and GFAP stains, showing their close association. 
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Fig.69a Comparison of the orderly nerve architecture; DAPI, GFAP and Cx43 expression in the distal portion of 

the optic nerve (located a considerable distance away from the lesion) with disorderly cell arrangement, DAPI, 

GFAP and Cx43 expression within the area of the lesion. The left hand photos (a, c, e) are those of the lesion, 

and the right hand photos (b, d, f) are of the distal segments of the optic nerves. DAPI – a) and b), GFAP – c) 

and d), Cx43 e) and f). DAPI staining of the region of the lesion demonstrates it to be densely filled with 

chaotically arranged nuclei, where the nuclei maintain a linear orderly architecture running longitudinally along 

the optic nerve in its distal portion. 
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Fig.70 MPO staining of the successful rLRON induction seven days post laser exposure. Only a single slide was 

available for MPO staining at this time point due to technical issues. There is still some MPO expression at the 

site of the lesion. 
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Fig.71 Overlay of the MPO (red), Cx43 (green) and DAPI (blue) stains of the successful rLRON inductions 

seven days post laser exposure, showing that the MPO stained region is filled with nuclei, signifying the 

presence of inflammatory infiltrate as seen on the H&E and DAPI stained sections reviewed above. These cells 

exhibit punctuate Cx43 staining.  
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Fig.72 ED1 staining of the successful rLRON inductions seven days post laser exposure. All four optic nerves 

with successful inductions are shown at lower magnification. A “birds-eye view” of the retrobulbar portion of 

the optic nerve demonstrates intense hyperfluorescence at the site of the lesion but also extensive spread of the 

punctate ED1 staining throughout the available length of the optic nerve. This staining is primarily present in the 

superior portion of the optic nerve, i.e. on the same side that the original lesion was induced on. 
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Fig.72a ED1 staining of the successful rLRON inductions seven days post laser exposure. All four optic nerves 

with successful inductions are shown at higher magnification. Higher magnification demonstrates the punctuate 

nature of ED1 staining long the superior portion of the retrobulbar optic nerve, indicating infiltration of the 

region with macrophages. 
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Fig.73 Overlay of the ED1 and DAPI stains of the successful rLRON inductions seven days post laser exposure, 

showing ED1 staining to be widespread across a significant portion of the optic nerve. An organised linear cell 

arrangement is preserved in the inferior portion of the optic nerve. All four optic nerves with successful 

inductions are shown at lower magnification. 
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Fig.73a Overlay of the ED1 and DAPI stains of the successful rLRON inductions seven days post laser 

exposure, showing ED1 staining to be widespread across a significant portion of the optic nerve. An orderly 

linear arrangement of cell nuclei in the inferior portion of the optic nerve can be clearly seen on this higher 

magnification. All four optic nerves with successful inductions are shown at higher magnification. 
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Fig.74 Summary of lesion development at seven days following laser exposure with representative images taken 

from all of the stains utilised in the project. Images demonstrate: a – H&E, b – DAPI, c – GFAP, d – Cx43, e – 

MPO, f – ED1. There is an increase in density of the inflammatory infiltrate within the lesion compared to 72 

hours following the injury induction. This could be seen on both the H&E (a) and DAPI (b) stained sections. 

There is still some MPO staining (e) at the site of the lesion and dense ED1 hyperfluorescence (f), which is not 

only present within the laser-damaged region but also spreads widely across the whole length of the retrobulbar 

portion of the optic nerve, on its superior aspect. Such a pattern is suggestive of macrophages clearing away dead 

axons distal to the site of the original injury, which are now disconnected from their cell bodies which are 

located within retina. There is absence of GFAP expression within the lesion site as at previous time points (c). 

However there is no rim of hyperfluorescence at the edge of the lesion as seen at 24 and 72 hours after the injury. 

Cx43 expression still closely correlates with that of GFAP, and also lacks a rim of hyperfluorescence at the 

lesion border. However, unlike GFAP, it is still present at the site of the lesion due to its expression by 

inflammatory cells infiltrating the region. 
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One month post laser exposure 
 

At 32 days after the injury, presence of a distinct lesion is obvious only in several nerves. 

However, there is an increased density of nuclei in the area of the proximal nerve and in the 

nerves with a distinct lesion  in the vicinity of the directly damaged area (Fig 75). The orderly 

longitudinally-arranged architecture of the nerve also appears somewhat disturbed and 

“diluted” by the presence of “extra” cells contributing to the degree of disorder seen in the 

arrangement of nuclei along the length of the proximal optic nerve at this time point. Such a 

disturbance in organised tissue architecture is more obvious on the superior side (left-hand 

side) of the optic nerve on DAPI stained sections (Fig 76), in contrast to the inferior side of 

the nerve, where orderly cell arrangements appear to be preserved. There is also evidence of 

connective tissue deposition at the site of the lesion on sections stained with H&E (Fig 75), 

indicating formation of local scar tissue in the area of direct laser damage. 

It is difficult to make definitive comments on sections stained with GFAP as obvious lesions 

are only present on several optic nerves (Fig 77-e and 77-f). However, it appears that there is 

increased hyperfluorescence just downstream of the lesion running along the superior (left-

hand side) aspect of the optic nerve (Fig 77 and 77a). On those sections with obvious lesions, 

(sections e) and f) on Fig 77a)) there is a thin border of slightly increased hyperfluorescence 

around the lesion. This indicates an on-going astrocytic reaction around the lesion and along a 

considerable length of the optic nerve downstream of  the lesion.  Thus there is a suggestion 

of chronic astrocytosis along the superior aspect of the retrobulbar optic nerve spreading a 

long distance downstream of the site with direct laser–induced damage.  Overlay of GFAP 

and DAPI stains further demonstrates hyperfluorescence not only around the lesion but 

primarily downstream of the lesion (Fig 78-e and 78-f). 
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Cx43 expression, as per the previous time points, closely matches GFAP expression (Fig 79 

and 79a), with upregulation evident along the superior (left-hand) side of the nerves in the 

region of the lesion as well as downstream of the lesion. Overlay of Cx43 and GFAP stains 

highlights these observations (Fig 80). 

Only one nerve had some distinct MPO staining, with the rest showing no definitive 

fluorescence in connection with the stain. Given that only one of the nerves shows this 

staining and the fact that the pattern of staining is very close to that shown by  ED1 staining, 

raises the possibility that in this particular case MPO antibodies have cross-reacted with ED1 

positive cells, i.e. macrophages have been stained. 

ED1 staining shows widespread inflammation within the optic nerve extending throughout the 

whole length of the nerve, a considerable distance beyond the original site of the laser damage 

(Fig 81 and 81a). ED1 positive cells, i.e. macrophages, are more prevalent in the superior 

(left-hand side) aspect of the optic nerve than in its inferior aspect and distributed in more or 

less even fashion towards the distal end of the nerve. It is quite possible that these 

inflammatory changes are not limited to the orbital portion of the optic nerve but have spread 

even further, towards the intracranial part of the nerve. However, only the intraorbital part of 

the optic nerve was dissected out, and tracing the extent of the inflammation beyond that point 

is not possible.  The predominance of ED1 staining in the superior aspect of the nerve, i.e. that 

part of the nerve where it was illuminated with the laser at its proximal end, suggests that 

inflammatory cells are involved in clearing away axonal remnants downstream of the laser-

induced injury that are now undergoing necrosis as they are disconnected from their cell 

bodies within the retina. Overlay of the DAPI and ED1 stains (Fig 82) demonstrates the 

presence of macrophages among the seemingly normal and orderly arranged column of cells 

within the optic nerve, perhaps signifying spread of the inflammation beyond the originally 

laser-damaged area deeper into the tissue of the nerve. Overlay of the DAPI, ED1 and Cx43 
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stains (Fig 83) demonstrates abundance of the Cx43 within the optic nerve 32 days following 

induction of the injury in the regions involved in the inflammatory response as well as in the 

areas further away from it. 

A summary of lesion appearance utilising different staining techniques can be seen in Fig 84, 

where a representative image of every stain used in this project was taken from a group of 

images of the successful rLRON inductions. This provides an overview of lesion morphology 

and the surrounding optic nerve structure 32 days following the injury. 
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Fig.75a H&E staining of the successful rLRON inductions 32 days post laser exposure. All six optic nerves with 

successful inductions are shown in Fig 75a-a at lower magnification. A representative lesion is shown in Fig 

75a-b at higher magnification. A distinct lesion is only identified on two optic nerves. On these nerves there is 

evidence of connective tissue deposition at the lesion border (b), indicating formation of local scar tissue. 

Orderly linear architecture is still present in all of the nerves but the number of nuclei present within the optic 

nerve is noticeably increased. These “extra” cells contribute to a degree of disorder in normal nerve architecture, 

and in some nerves to a frank chaotic cell arrangement in the proximity of the original lesion site. 

Disorganisation of regular nerve architecture primarily involves the superior aspect of the optic nerve, the side 

where the proximal part of the nerve was illuminated with the laser. 
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Fig.75b H&E staining of the successful rLRON induction 32 days post laser exposure. Image a) – a panorama of 

the whole optic nerve at low magnification; images b) through d) – demonstrate widespread tissue 

disorganisation throughout the whole length of the optic nerve, from proximal part (b) to more distal regions (c 

and d). 
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Fig.76 DAPI staining of the successful rLRON inductions 32 days post laser exposure, showing the lesion site. 

All six optic nerves with successful inductions are shown. Ordered liner arrangement of cell nuclei seems to be 

preserved, however on close inspection, there is a disruption to this structured nuclei arrangement at the superior 

portion of the optic nerves (left hand side on the photos) where nuclei are located in random order. 
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Fig.77 GFAP staining of the successful rLRON inductions 32 days post laser exposure. All six optic nerves with 

successful inductions are shown at lower magnification. Low magnification allows for visualisation of almost the 

full length of the retrobulbar portion of the optic nerve. On most of the nerves there is a stripe of 

hyperfluorescence downstream of the region with direct laser-induced damage. It is running along the superior 

aspect of the optic nerve, i.e. on the same side that the original lesion was induced on. This indicates an on-going 

astrocytic reaction around the lesion and along a considerable length of the optic nerve downstream of the lesion. 
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Fig.77a GFAP staining of the successful rLRON inductions 32 days post laser exposure, showing the lesion site. 

All six optic nerves with successful inductions are shown at higher magnification. On the nerves with an 

identifiable lesion site, there is still lack of expression of GFAP within the lesion itself as at previous time points. 

A stripe of increased hyperfluorescence is clearly visible in the superior aspect of the optic nerve, extending 

distally away from the lesion. 
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Fig.78 Overlay of the GFAP and DAPI stains of the successful rLRON inductions 32 days post laser exposure, 

showing the lesion site. All six optic nerves with successful inductions are shown. Overlay of the images allows 

for improved spatial orientation of lesion location and its relationship to orderly nerve architecture. 
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Fig.79 Cx43 staining of the successful rLRON inductions 32 days post laser exposure, showing up-regulation of 

Cx43 expression at the border of the lesion as well as downstream of the lesion on the superior aspect of the 

optic nerve. Cx43 expression parallels expression of GFAP very closely as has been shown in the previous time 

points. All six optic nerves with successful inductions are shown at lower magnification. Low magnification 

allows for visualisation of almost the full length of the retrobulbar portion of the optic nerve. 
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Fig.79a Cx43 staining of the successful rLRON inductions 32 days post laser exposure. All six optic nerves with 

successful inductions are shown at higher magnification. There is a stripe of hyperfluorescence, indicating 

increase in Cx43 expression, in most nerves along the superior portion of the optic nerve. This is similar to the 

hyperfluorescence seen on the GFAP stained sections. 
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Fig.80 Overlay of the GFAP and Cx43 stains of the successful rLRON inductions 32 days post laser exposure, 

showing co-localisation of Cx43 and GFAP with combination of red (GFAP) and green (Cx43) colours 

producing a yellow colour in places of overlap. All six optic nerves with successful inductions are shown. Same 

area of hyperfluorescence around the lesion as well as downstream of it, running along the superior aspect of the 

optic nerve, is seen as on GFAP and Cx43 stained sections.  
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Fig.81 ED1 staining of the successful rLRON inductions 32 days post laser exposure. All six optic nerves with 

successful inductions are shown at lower magnification. Low magnification allows for visualisation of almost the 

full length of the retrobulbar portion of the optic nerve. There is widespread expression of ED1 in the superior 

portion of the optic nerve spanning the whole length of the retrobulbar part of the nerve. This suggests 

infiltration of this region with macrophages and on-going chronic inflammatory reaction. 
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Fig.81a ED1 staining of the successful rLRON inductions 32 days post laser exposure. All six optic nerves with 

successful inductions are shown at higher magnification. Higher magnification demonstrates the punctuate 

nature of ED1 staining along the superior portion of the retrobulbar optic nerve, indicating infiltration of the 

region with macrophages. 

 
                                                                                                                                                              



~ 213 ~ 

 

Fig.82 Overlay of the ED1 and DAPI stains of the successful rLRON inductions 32 days post laser exposure, 

showing widespread ED1 staining within the optic nerve. Overlay of the stains demonstrates that ED1 positive 

cells are present not only at the lesion site with disorganised cellular arrangements, but also among regular 

columns of nuclei running the length of the optic nerve (as shown by DAPI stain). This further supports the 

notion of macrophages clearing axons distal to the site of the original laser damage at this stage, as these axons 

and their glial supporting cells would have maintained their orderly arrangement distally to the lesion site. They 

are, however, not viable as they have been disconnected from their cell bodies within the retina by the laser-

induced damage. All six optic nerves with successful inductions are shown. There is a stripe of increased 

hyperfluorescence downstream of the region with direct laser-induced damage. 

On most of the nerves there is a stripe of hyperfluorescence downstream of the region with direct laser-induced 

damage, It is running along the superior aspect of the optic nerve, i.e. on the same side that the original lesion 

was induced on. This indicates an on-going astrocytic reaction around the lesion and along a considerable length 

of the optic nerve downstream of the lesion. 
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Fig.83 Overlay of the ED1, Cx43 and DAPI stains of the successful rLRON inductions 32 days post laser 

exposure, showing widespread ED1 staining within the optic nerve as well as profuse Cx43 expression in the 

region with inflammatory infiltrates. All six optic nerves with successful inductions are shown. 
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Fig.84 Summary of lesion development at 32 days following laser exposure with a representative image taken 

from all of the stains utilised in the project. Images demonstrate: a – H&E, b – DAPI, c – GFAP, d – Cx43, e – 

MPO, f – ED1. There is evidence of connective tissue deposition at the lesion border on H&E stained sections 

(a), indicating formation of local scar tissue. Orderly linear architecture is still present in all of the nerves but the 

number of nuclei present within the optic nerve is noticeably increased. These “extra” cells contribute to a 

degree of disorder in normal nerve architecture, and in some nerves to a frank chaotic cell arrangement in the 

proximity of the original lesion site. Disorganisation of regular nerve architecture primarily involves the superior 

aspect of the optic nerve, the side where the proximal part of the nerve was illuminated with the laser (images a. 

and b.). There is a stripe of increased hyperfluorescence on both GFAP and Cx43 stained sections. It is located 

downstream of the region with direct laser-induced damage, running along the superior aspect of the optic nerve, 

i.e. on the same side that the original lesion was induced on. This indicates an on-going astrocytic reaction 

around the lesion and along a considerable length of the optic nerve downstream of it and implicates Cx43 in this 

process. No MPO staining is present at this time point. There is a widespread punctuate expression of the 

macrophage marker ED1 along the superior portion of the optic nerve throughout its entire length, indicating a 

chronic inflammatory process in this region of the optic nerve. This is likely due to the clearance of the distal 

portions of the axons damaged by the laser illumination of the proximal portion of the optic nerve at its superior 

aspect. These axons are not viable as they have been disconnected from their cell bodies within the retina by 

laser induced damage. 
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Lesion morphology changes over 32 days 
 

Lesion formation initially begins with development of an oedematous acellular area located in 

the place of the direct laser exposure at the superior aspect of the proximal retrobulbar optic 

nerve (Fig 85 and 85a). Regular linear cell organisation present in the normal optic nerve is 

disrupted. Shortly after the injury induction, some nuclei of inflammatory cells begin to 

appear within the lesion. As time passes the region of the lesion becomes densely filled with 

chaotically arranged inflammatory infiltrates. From eight to 72 hours following the injury the 

predominant type of inflammatory cells present inside the lesion are neutrophils, as supported 

by MPO staining of the site of the lesion but not elsewhere in the neural tissue (Fig 91). 

Macrophages start to appear at the site of laser damage as early as eight hours after the 

rLRON induction, as evidenced by ED1 staining (Fig 92). There are two sources for ED1 

positive cells – blood derived macrophages and activated local microglial cells. From 72 

hours onwards, macrophages become the main type of inflammatory cells present inside the 

lesion. At the seven day point, a widespread punctuate ED1 staining is seen downstream of 

the original lesion running throughout the whole length of the optic nerve along its superior 

aspect. This pattern of now chronic inflammatory response persists through to 32 days 

following the rLRON induction (Fig 92). The most probable explanation of this phenomenon 

is that macrophages are now clearing away unviable distal fragments of the axons that were 

damaged by the laser at the proximal end of the nerve and thus disconnected from their cell 

bodies within the retina. Lesions at 32 days after the injury are very small in size and there is 

evidence of connective tissue deposition at their inner aspect, pointing to scar tissue formation 

and remodelling of the lesion itself (Fig85a). This may account for the small size of the lesion 

at this time point. 
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GFAP expression shows marked downregulation at the lesion site very early on after the 

injury induction, which persists throughout all of the time points (Fig 87). This suggests early 

death of the astrocytes within the damaged area. From eight hours and up to 72 hours 

following rLRON induction, there is a rim of hyperfluorescence at the border of the damaged 

area. Such local increase in GFAP expression indicates the process of astrocytosis is 

occurring at the lesion’s border but not elsewhere in the neural tissue. The likely purpose of 

this inflammatory process is to isolate the lesion site from the rest of the viable neural tissue. 

The rim of hyperfluorescence around the lesion resolves by day seven after the injury, but 

reappears again as a broader band at 32 days, which now also extends downstream of the 

lesion along the superior aspect of the optic nerve. Thus there is evidence of chronic 

astrocytosis now involving the area of the nerve distal to the lesion, which is also infiltrated 

by ED1 positive cells as described above. 

Cx43 is demonstrated to be abundantly expressed within the optic nerve (Fig 89). There is 

excellent co-localisation of Cx43 expression with GFAP, as seen on overlay images (Fig 90), 

where a combination of red (GFAP) and green (Cx43) colour produces a yellow/orange tinge 

throughout the whole of the optic nerve. Such a pattern of expression is not surprising as 

Cx43 is known to be expressed by astrocytes which are abundantly present within the nerve. 

Cx43 though, unlike GFAP, does not completely disappear from the site of the lesion, where 

it continues to be consistently present at all of the time points, albeit at much lower 

concentrations than are normally present. The presence of Cx43 within the lesion is explained 

by its expression by inflammatory cells arriving into the lesion site as well as by endothelial 

cells of the blood vessels present in the region. Following upregulation of GFAP expression 

in a band around the lesion edge, Cx43 also shows a band of hyperfluorescence around the 

lesion border, signifying its upregulation in this region. The timeline of the increased levels of 

Cx43 is identical to that of GFAP described above. There is also an area of hyperfluorescence 
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downstream of the original lesion running along the superior aspect of the optic nerve. This 

implicates Cx43 not only playing a role in early inflammatory response within and around the 

lesion site, but also in chronic phases of inflammation directed at clearance of non-viable 

neural tissue following an injury in a more remote location. 
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Fig.85 H&E staining of the representative successful rLRON inductions at different time points post laser 

exposure. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) – 72 hours; e) – 7 days; 

f) – 32 days. All optic nerves with successful inductions are shown at lower magnification. The lesion is initially 

composed of an oedematous acellular area at the superior aspect of the proximal retrobulbar optic nerve (a). 

Regular linear cell organisation is preserved outside of the lesion area. As time passes the region of the lesion 

becomes densely filled with chaotically arranged inflammatory cells. Thirty two days after the injury induction 

there is a substantial increase in the number of nuclei present throughout the whole length of the retrobulbar 

optic nerve at this time point. Such an increase in cell number introduces a degree of disorder in the seemingly 

orderly arranged columns of cells still evident within the nerve. 
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Fig.85a H&E staining of the representative successful rLRON inductions at different time points post laser 

exposure. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) – 72 hours; e) – 7 days; 

f) – 32 days. All optic nerves with successful inductions are shown at higher  magnification. High magnification 

allows for clear visualisation of the morphology of the lesion site as well as the immediately surrounding area. 

Initially the lesion is oedematous and acellular (a). As time passes the region of the lesion becomes densely filled 

with chaotically arranged inflammatory cells. Thirty two days following the injury there is evidence of 

connective tissue deposition on the inner aspect of the lesion, indicating remodelling of the lesion and formation 

of scar tissue. 
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Fig.86 DAPI staining of the representative successful rLRON inductions at different time points post laser 

exposure, showing the lesion site. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) 

– 72 hours; e) – 7 days; f) – 32 days. Increased numbers of chaotically arranged nuclei are evident within the 

lesion site as more time passes since rLRON induction up to seven day time point. The size of the lesion is small 

32 days after the injury, but disorderly arrangement of nuclei within the lesion is still evident. 
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Fig.87 GFAP staining of the representative successful rLRON inductions at different time points post laser 

exposure, showing the lesion site. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) 

– 72 hours; e) – 7 days; f) – 32 days. GFAP expression shows marked downregulation at the lesion site very 

early on after the injury induction and persists throughout all of the time points. There is a thin rim of 

hyperfluorescence at the border of the damaged area from eight hours through to 72 hours after rLRON 

induction, signifying the presence of astrocytosis in this region. Such an area of hyperfluorescence is not present 

at the seven day time point. Thirty two days following the injury there is a band of hyperfluorescence running 

within the superior aspect of the optic nerve downstream of the injury site. 
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Fig.88 Overlay of the GFAP and DAPI stains of the representative successful rLRON inductions at different 

time points post laser exposure, showing the lesion site. Image a) – 1 hour following rLRON induction; b) – 8 

hours; c) – 24 hours; d) – 72 hours; e) – 7 days; f) – 32 days. Overlay of DAPI and GFAP stains clearly 

demonstrates morphological features of the lesion and orderly organisation of the surrounding tissue by 

delineating the lesion site, devoid of astrocytes and hence GFAP, with GFAP stained surrounding tissue.  
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Fig.89 Cx43 staining of the representative successful rLRON inductions at different time points post laser 

exposure, showing the lesion site. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) 

– 72 hours; e) – 7 days; f) – 32 days. Cx43 is seen to be abundantly expressed within the optic nerve. There is 

marked downregulation of Cx43 expression within the lesion site at every time point, which is most probably 

due to the death of astrocytes, the main type of cells expressing Cx43 in the optic nerve. Cx43 expression mirrors 

that of GFAP described for Fig 3. There is a thin rim of hyperfluorescence at the border of the damaged area 

from eight hours through to 72 hours after rLRON induction which is not present at seven day time point. Thirty 

two days following the injury there is a band of hyperfluorescence running within the superior aspect of the optic 

nerve downstream of the injury site. 
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Fig.90 Overlay of the GFAP and Cx43 stains of the representative successful rLRON inductions at different time 

points post laser exposure, showing co-localisation of Cx43 and GFAP up-regulation at the lesion border and 

their down-regulation at the lesion centre. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 

hours; d) – 72 hours; e) – 7 days; f) – 32 days. Overlay of GFAP and Cx43 stains demonstrates their close co-

localisation at every time point by producing a yellow/orange tinge where red (GFAP) and green (Cx43) colours 

overlap throughout the optic nerve. This is not surprising as Cx43 is known to be expressed by astrocytes which 

are abundantly present within the optic nerve. 
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Fig.91 MPO staining of the representative successful rLRON inductions at different time points post laser 

exposure, showing the lesion site. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) 

– 72 hours; e) – 7 days; f) – 32 days. The neutrophil marker MPO is most prominent at the lesion site at eight 

and 24 hours after the injury induction, indicating the inflammatory nature of the cells beginning to infiltrate this 

region at those time points. MPO staining is still present at the area of direct laser damage 72 hours and seven 

days following the lesion induction and disappears at the final time point of 32 days. 
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Fig.92 ED1 staining of the representative successful rLRON inductions at different time points post laser 

exposure, showing the lesion site. Image a) – 1 hour following rLRON induction; b) – 8 hours; c) – 24 hours; d) 

– 72 hours; e) – 7 days; f) – 32 days. ED1 positive cells start to appear within the lesion as early as eight hours 

after the injury and become the main type of the inflammatory cells present in the lesion from 72 hours onward. 

At the seven day mark we start seeing widespread punctuate ED1 staining downstream of the original lesion 

running throughout the whole length of the optic nerve along its superior aspect. This pattern of now chronic 

inflammatory response persists through to 32 days following the rLRON induction. 
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Analysis of lesion size at different time points 
 

 

Table 4 summarises the maximum lesion areas for all of the optic nerves with successful 

rLRON induction at the different time points used in the project. There was no statistically 

significant difference in lesion size in the optic nerve at the different time points, up to seven 

days following induction of the damage as seen in tables 5-8. In the analysis, the average 

maximum lesion area for all of the optic nerves at the one hour time point (n = 5 optic nerves) 

was compared to the average maximum lesion area at all other time points except for 32 days.  

The reason the 32 day time point was excluded from the analysis was that lesion morphology 

has changed significantly by this stage, with widespread inflammation being present 

throughout the optic nerve, as seen on ED1 stained sections, and no distinct lesion was 

recognisable on most of the optic nerves at this time point. 

There was no statistically significant difference in mean score between groups (ANOVA 

F=1.43, p=0.26) therefore no post hoc comparisons were performed. In other words there 

appeared to be no lesion spread within the optic nerve in the next few days after the injury. 
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Table 4. Summary of maximum lesion areas for all of the optic nerves with successful 

rLRON induction at different time points. 

 Maximum Lesion Area (in pixels) 

 
1hr             

post injury 

8hrs  

post injury 

24 hrs  

post injury 

72 hrs  

post injury 

7days     

post injury 

32days   

post injury 

 

animal 1 

 

8826 

 

41500 

 

17947 

 

20168 

 

34400 
 

- 

 

animal 2 

 

21369 

 

22702 

 

17780 

 

7914 

 

19791 
 

-  

 

animal 3 

 

23951 

 

47895 

 

34509 

 

8322 

 

10476 
 

- 

 

animal 4 

 

32403 

 

13684 

 

37266 

 

20021 

 

11590 
 

- 

 

animal 5 

 

12000 
 

- 

 

45319 

 

56661 
 

- 

 

- 

 

animal 6 

 

- 

 

- 

 

74077 

 

5876 
 

- 

 

- 

 

Average 

Maximum Lesion 

Area (in pixels) 

 

19709.8 

 

31445.25 

 

37816.33 

 

19827 

 

19064.25 

 

- 

 

 

 

 

 

 

Table 5. Difference in lesion size at 1hr and at 8hrs following laser-induced damage. 

  

1hr (n=5) 

 

8hrs (n=4) 

Average Maximum Lesion Area 

(in pixels) 

 

19709.80 

 

31445.25 

 

SD 

 

9483.62 

 

15954.09 

 

95% CI  

 

-31829.97 to 8359.07 

 

P-value  
 

0.2098 

SD = Standard Deviation; CI = Confidence Intervals 

 

 

 

 

 



~ 241 ~ 

 

Table 6. Difference in lesion size at 1hr and at 24hrs following laser-induced damage. 

  

1hr (n=5) 

 

24hrs (n=6) 

 

Average Maximum Lesion 

Area (in pixels) 

 

19709.8 

 

37816.33 

 

SD 

 

9483.62 

 

20873.97 

 

95% CI  

 

-41111.13 to 4898.06 

 

P-value  
 

0.1087 

SD = Standard Deviation; CI = Confidence Intervals 

 

 

 

Table 7. Difference in lesion size at 1hr and at 72hrs following laser-induced damage. 

  

1hr (n=5) 

 

72hrs (n=6) 

 

Average Maximum Lesion 

Area (in pixels) 

 

19709.8 

 

19827 

 

SD 

 

9483.62 

 

19109.23 

 

95% CI  

 

-21463.35 to 21228.95 

 

P-value  
 

0.9904 

SD = Standard Deviation; CI = Confidence Intervals 

 

 

 

Table 8. Difference in lesion size at 1hr and at 7days following laser-induced damage. 

  

1hr (n=5) 

 

7 days (n=4) 

 

Average Maximum Lesion 

Area (in pixels) 

 

19709.8 

 

19064.25 

 

SD 

 

9483.62 

 

11035.33 

 

95% CI  

 

-15498.62 to 16789.72 

 

P-value  
 

0.9273 

SD = Standard Deviation; CI = Confidence Intervals 
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Comparison of   

Cx43 AS-OD
 vs. Control 
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Lesion morphology 
 

 

Overall lesion morphology and the changes evident at the different time points were the same 

for both the Cx43 AS-ODN and the Control treated groups as described in detail in the 

previous section. The purpose of the experiments discussed here is to assess the efficacy of 

Cx43 AS-ODN in limiting the damage to the retrobulbar portion of the optic nerve that occurs 

following rLRON induction. To do this, several key parameters related to the lesion were 

investigated and analysed. These parameters are size of the lesion, difference in Cx43 

expression (as Cx43 AS-ODN is designed to temporarily downregulate levels of this protein), 

and difference in inflammatory response (i.e. expression of neutrophil and macrophage 

specific markers, such as MPO and ED1 respectively). 

 

 

Comparison of the lesion size at different time points between 

Cx43 AS-OD
 and Control treated groups 

 

There was no statistically significant difference in average maximum lesion area between 

Cx43 AS-ODN and Control treated optic nerves at any of the time points investigated. Tables 

9-11 summarise the findings for 8 hours, 72 hours and 7 days following rLRON induction. 

Analysis of the groups 30 days after injury creation was not possible as global inflammatory 

changes were present in the retrobulbar optic nerves in both groups without a clearly 

identifiable focal lesion, the size of which could not be calculated. 
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Table 9. Difference in lesion size between Cx43 AS-ODN and Control treated nerves 8hrs 

following laser-induced damage. 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=4) 

Average Maximum Lesion 

Area (in square pixels) 

 

41332.25 

 

49206.5 

 

SD 

 

13304.64 

 

20149.56 

 

95% CI  

 

-37415.53 to 21667.03 

 

P-value  
 

0.5384 

SD = Standard Deviation; CI = Confidence Intervals 
 

 

 

Table 10. Difference in lesion size between Cx43 AS-ODN and Control treated nerves 72hrs 

following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Average Maximum Lesion 

Area (in square pixels) 

 

26420.83 

 

43320.33 

 

SD 

 

13588.89 

 

23602.63 

 

95% CI  

 

-41673.33 to 7874.33 

 

P-value  
 

0.1595 

SD = Standard Deviation; CI = Confidence Intervals 
 

 

 

Table 11. Difference in lesion size between Cx43 AS-ODN and Control treated nerves 7 days 

following laser-induced damage. 

  

Control (n=2) 

 

Cx43 AS-OD
 (n=5) 

Average Maximum Lesion 

Area (in square pixels) 

 

19819.5 

 

19639.6 

 

SD 

 

888.83 

 

7835.81 

 

95% CI  

 

-14917.65 to 15277.45 

 

P-value  
 

0.9767 

SD = Standard Deviation; CI = Confidence Intervals 
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Comparison of Cx43 expression at different time points between 

Cx43 AS-OD
 and Control treated groups 

 

As the function of Cx43 AS-ODN is to transiently downregulate Cx43 production for a short 

period of time following its administration,  levels of Cx43 expression were assessed, both at 

the lesion itself and at the border of the lesion where there seemed to be upregulation of Cx43 

expression for a brief period following rLRON induction.  Images of the optic nerves have 

been processed using ImageJ software (National Institute of Health, USA) as described in the 

Methods section. Briefly, for the calculation of Cx43 within the lesion site, the lesion was 

carefully delineated using ImageJ software by an observer who was unaware of the specific 

treatment each particular nerve had received. After the appropriate area of the optic nerve was 

selected, the image was binarised into black and white and the number of distinct spots of dye 

within the selected area was counted and labelled as “Dye Count”. In addition, the percentage 

of area occupied by dye within the selection was calculated as “Dye Area Fraction”, where 

the area occupied by dye within the selection was divided by the selected area itself. 

Following delineation of appropriate areas on all of the optic nerves at the selected time points 

and calculation of the above parameters, each nerve was identified as belonging to either the 

Cx43 AS-ODN group or to the Control group. The average value for both “Dye Count” and 

“Area Fraction” was calculated for both groups for a particular time point. As the duration of 

action of Cx43 AS-ODN was not expected to exceed 24 hours, the difference between the 

groups was measured up to 72 hours following the injury. When assessing levels of Cx43 

expression, three separate areas within each nerve have been analysed as detailed in Fig 6 in 

the Methods section: 1) the lesion site itself, 2) the area of the retrobulbar optic nerve 

immediately adjacent to the lesion and 3) the border of the lesion. 
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Difference in Cx43 expression at the lesion site 

 

Tables 12-13 summarises Cx43 expression in Cx43 AS-ODN and Control treated optic nerves 

at the lesion site. There was no statistically significant difference in Cx43 expression between 

control and Cx43 AS-ODN group, either when the level of expression was assessed as “Dye 

Count”, or as “Dye Area Fraction”. Similar levels of expression between the groups were 

observed within the lesion site both at 8 hours and 72 hours following rLRON induction. 

 

 

 

Table 12. Difference in Cx43 expression at the lesion site, between Cx43 AS-ODN and 

Control treated nerves 8hrs following laser-induced damage. 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=3) 

Dye Count 

(number of spots of dye 

within selected area) 

 

758.5 

 

731.67 

 

SD 

 

281 

 

912.57 

 

95% CI 

 

From -1184.22 to 1237.89 

 

P-value  
 

0.9568 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

7.76 
 

7.72 

 

SD 

 

4.15 

 

4.87 

 

95% CI 

 

-8.71 to 8.79 

 

P-value  
 

0.9913 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 13. Difference in Cx43 expression at the lesion site, between Cx43 AS-ODN and 

Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

274.83 

 

385.83 

 

SD 

 

179.04 

 

313.23 

 

95% CI 

 

-439.19 to 217.19 

 

P-value  
 

0.4685 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

5.62 

 

5.18 

 

SD 

 

4.19 

 

4.1 

 

95% CI 

 

-4.88 to 5.77 

 

P-value  
 

0.8564 

SD = Standard Deviation; CI = Confidence Intervals 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



~ 248 ~ 

 

Difference in Cx43 expression in the area of the retrobulbar optic nerve 

immediately adjacent to the lesion but excluding the lesion itself 

 

Tables 14-15 summarise Cx43 expression in Cx43 AS-ODN and Control treated optic nerves 

in the area immediately adjacent to the lesion but excluding lesion itself. Due to the fact that 

the lesion site itself represents a necrotic region with almost complete destruction of 

astrocytes within the area of direct laser damage, it was decided to assess the level of Cx43 

expression in the area immediately adjacent to the lesion, where astrocytes were still plentiful, 

as evidenced by GFAP staining of this part of the optic nerve. Astrocytes play an important 

role in levels of Cx43 expression as they are the main glial cell type within the retrobulbar 

optic nerve and abundantly express Cx43. All of the pictures were taken at 512 x 512 pixels in 

size and were focused on the lesion itself, thus providing a consistent amount of the optic 

nerve on each photograph involved in the analysis. All of the optic nerve depicted on each 

photograph was selected, excluding the lesion as detailed on the Fig 6 in the Methods section. 

The “Dye Count” parameter, i.e. the number of distinct areas with dye uptake, was 

significantly lower in the Cx43 AS-ODN group at 8 hours following the injury compared to 

controls. The “Dye Fraction Area”, i.e. the percentage of the analysed area occupied by dye, 

was also smaller for the Cx43 AS-ODN group than for controls but the difference did not 

reach statistical significance. This result suggests downregulation of Cx43 around the lesion 

site 8 hours after the injury induction in the Cx43 AS-ODN group but it does not reach 

statistical significance. At 72 hours post laser exposure, there is no difference in either of the 

parameters between the groups. One can speculate that there was a transient downregulation 

of Cx43 expression in the region of the retrobulbar optic nerve immediately adjacent to the 

area of direct laser damage in the group treated with Cx43 AS-ODN based on this result but 

this cannot be definitively proven. 
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Table 14. Difference in Cx43 expression in the area of the retrobulbar optic nerve 

immediately adjacent to the lesion but excluding the lesion itself, between Cx43 AS-ODN and 

Control treated nerves 8hrs following laser-induced damage. 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=3) 

Dye Count 

(number of spots of dye 

within selected area) 

 

3616.75 

 

2129.67 

 

SD 

 

739.93 

 

191.85 

 

95% CI 

 

336.88 to 2637.29 

 

P-value  
 

0.0209 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

6.38 
 

4.42 

 

SD 

 

2.23 

 

1.33 

 

95% CI 

 

-1.81 to 5.73 

 

P-value  
 

0.2389 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 15. Difference in Cx43 expression in the area of the retrobulbar optic nerve 

immediately adjacent to the lesion but excluding the lesion itself, between Cx43 AS-ODN and 

Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

1824.83 

 

2121.67 

 

SD 

 

625 

 

762.71 

 

95% CI 

 

-1193.80 to 600.14 

 

P-value  
 

0.4779 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

11.68 
 

12.43 

 

SD 

 

8.52 

 

4.49 

 

95% CI 

 

-9.51 to 8.01 

 

P-value  
 

0.8517 

SD = Standard Deviation; CI = Confidence Intervals 
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Difference in Cx43 expression at the border of the lesion 

 

Tables 16-17 summarise Cx43 expression in Cx43 AS-ODN and Control treated optic nerves 

at the border of the lesion. There was no statistically significant difference in Cx43 expression 

between control and Cx43 AS-ODN groups at the border of the lesion for both 8 hours and 72 

hours following rLRON induction, either when the level of expression was assessed as “Dye 

Count”, or as “Dye Area Fraction”.  

 

 

Table 16. Difference in Cx43 expression at the border of the lesion, between Cx43 AS-ODN 

and Control treated nerves 8hrs following laser-induced damage 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=3) 

Dye Count 

(number of spots of dye 

within selected area) 

 

707.25 

 

628.67 

 

SD 

 

189.61 

 

278.31 

 

95% CI 

 

-371.50 to 528.67 

 

P-value  
 

0.6723 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

12.17 
 

5.81 

 

SD 

 

7.56 

 

1.73 

 

95% CI 

 

-5.33 to 18.07 

 

P-value  
 

0.2205 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 17. Difference in Cx43 expression at the border of the lesion, between Cx43 AS-ODN 

and Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

321.83 

 

428 

 

SD 

 

111.27 

 

220.58 

 

95% CI 

 

-330.90 to 118.57 

 

P-value  
 

0.3173 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

29.03 
 

28.64 

 

SD 

 

13.88 

 

6.76 

 

95% CI 

 

-13.65 to 14.43 

 

P-value  
 

0.9519 

SD = Standard Deviation; CI = Confidence Intervals 
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Comparison of MPO expression at different time points between 

Cx43 AS-OD
 and Control treated groups 

 

Tables 18 and 19 summarise MPO expression in Cx43 AS-ODN and Control treated optic 

nerves. As the neutrophil marker, MPO, has been shown to be more prominently expressed at 

earlier time points, the effects of Cx43 AS-ODN on MPO expression were investigated for 8 

hours and 72 hours following induction of rLRON. All of the pictures were taken at 512 x 512 

pixels in size and were focused on the lesion itself, thus providing a consistent amount of the 

optic nerve on each photograph involved in the analysis. All of the optic nerve depicted on 

each photograph was selected including the lesion site as detailed in Fig 7 in the Methods 

section. There was no statistically significant difference in MPO expression between control 

and Cx43 AS-ODN groups, either when the level of expression was assessed as “Dye Count”, 

or as “Dye Area Fraction” for both 8 hours and 72 hours following rLRON induction. 
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Table 18. Difference in MPO expression within the lesion site between Cx43 AS-ODN and 

Control treated nerves 8hrs following laser-induced damage 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=4) 

Dye Count 

(number of spots of dye 

within selected area) 

 

88250 

 

59458.33 

 

SD 

 

59234.86 

 

23085.74 

 

95% CI 

 

-48988.96 to 106572.29 

 

P-value  
 

0.4 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

0.71 
 

0.33 

 

SD 

 

0.46 

 

0.46 

 

95% CI 

 

-0.21 to 0.97 

 

P-value  
 

0.1634 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 19. Difference in MPO expression within the lesion site between Cx43 AS-ODN and 

Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

84305.56 

 

150833.3 

 

SD 

 

106321 

 

115980.2 

 

95% CI 

 

-269189.33 to 136133.78 

 

P-value  
 

0.4373 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

0.47 
 

0.86 

 

SD 

 

0.6 

 

0.66 

 

95% CI 

 

-1.20 to 0.42 

 

P-value  
 

0.3033 

SD = Standard Deviation; CI = Confidence Intervals 
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Comparison of ED1 expression at different time points between 

Cx43 AS-OD
 and Control treated groups 

 

Tables 20 and 21 summarise ED1 expression in Cx43 AS-ODN and Control treated optic 

nerves. As the macrophage-specific marker, ED1 has been shown to be more prominently 

expressed at later time points in the previous Results section, the effects of Cx43 AS-ODN on 

its expression were investigated at seven and 30 days following induction of rLRON. All 

pictures were taken at 512 x 512 pixels in size and were focused on the lesion itself, thus 

providing a consistent amount of the optic nerve on each photograph involved in the analysis. 

All of the optic nerve depicted on each photograph was selected including the lesion site as 

detailed in Fig 7 in the Methods section. Consistency was achieved by analysing the area of 

the optic nerve at a similar distance away from the lesion site in the different nerves involved. 

The “Dye Count”, i.e. the  number of distinct spots within the selected area of the optic nerve 

occupied by dye, was significantly lower in nerves treated with Cx43 AS-ODN  compared to 

controls, seven days following rLRON induction (p = 0.0294). However, the percentage of 

the selected area of the nerve occupied by dye i.e. “Dye Area Fraction”, was not statistically 

significantly different between the groups. Caution needs to be exercised when interpreting 

this result as there were only two nerves in the control group, introducing a potentially 

significant bias into the analysis. 

Thirty days after the injury, however, both “Dye Count” (p = 0.0332) and “Dye Area 

Fraction” (p = 0.0223) were significantly lower in Control nerves than in those treated with 

Cx43 AS-ODN. This demonstrates a significantly higher level of inflammation in the chronic 

phase after the injury in the nerves that had transient inhibition of Cx43 expression compared 

to those that didn’t. 
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Table 20. Difference in ED1 expression within the lesion site, between Cx43 AS-ODN and 

Control treated nerves 7 days following laser-induced damage. 

  

Control (n=2) 

 

Cx43 AS-OD
 (n=5) 

Dye Count 

(number of spots of dye 

within selected area) 

 

579 

 

216.2 

 

SD 

 

210.72 

 

121.11 

 

95% CI 

 

54.01 to 671.59 

 

P-value  
 

0.0294 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

3.85 
 

2.41 

 

SD 

 

0.04 

 

2.27 

 

95% CI 

 

-2.93 to 5.80 

 

P-value  
 

0.4369 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 21. Difference in ED1 expression within the lesion site, between Cx43 AS-ODN and 

Control treated nerves 30 days following laser-induced damage. 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=5) 

Dye Count 

(number of spots of dye 

within selected area) 

 

278.75 

 

772.6 

 

SD 

 

180.12 

 

333.59 

 

95% CI 

 

-935.43 to -52.27 

 

P-value  
 

0.0332 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

0.74 
 

3.37 

 

SD 

 

0.34 

 

1.75 

 

95% CI 

 

-4.76 to -0.50 

 

P-value  
 

0.0223 

SD = Standard Deviation; CI = Confidence Intervals 
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Comparison of GFAP expression at different time points between 

Cx43 AS-OD
 and Control treated groups 

 

 

As astrocytosis appears to be a part of the inflammatory process observed following a laser-

induced damage, degree of GFAP staining has been analysed at the lesion and surrounding 

regions of the optic nerve and compared between Cx43 AS-ODN and Control groups.  When 

assessing levels of GFAP expression, three separate areas within each nerve have been 

analysed as detailed in Fig 6 in the Methods section: 1) the lesion site itself, 2) the area of the 

retrobulbar optic nerve immediately adjacent to the lesion and 3) the border of the lesion. 

 

 

 

Difference in GFAP expression at the lesion site 

 

Tables 22-23 summarises GFAP expression in Cx43 AS-ODN and Control treated optic 

nerves at the lesion site. There was no statistically significant difference in GFAP expression 

between control and Cx43 AS-ODN group, either when the level of expression was assessed 

as “Dye Count”, or as “Dye Area Fraction”. Similar levels of expression between the groups 

were observed within the lesion site both at 8 hours and 72 hours following rLRON induction. 
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Table 22. Difference in GFAP expression at the lesion site, between Cx43 AS-ODN and 

Control treated nerves 8hrs following laser-induced damage. 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=2) 

Dye Count 

(number of spots of dye 

within selected area) 

 

187.75 

 

 

106.5 

 

 

SD 

 

179.87 

 

4.95 

 

95% CI 

 

-293.36 to 455.86 

 

P-value  
 

0.5795 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

2.48 

 

 

0.81 

 

 

SD 

 

3.36 

 

0.38 

 

95% CI 

 

-5.34 to 8.67 

 

P-value  
 

0.545 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 23. Difference in GFAP expression at the lesion site, between Cx43 AS-ODN and 

Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

61.67 

 

 

165.67 

 

 

SD 

 

43.38 

 

145.11 

 

95% CI 

 

-241.77 to 33.77 

 

P-value  
 

0.1235 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

1.79 

 

 

2.19 

 

 

SD 

 

1.74 

 

1.00 

 

95% CI 

 

-2.23 to 1.42 

 

P-value  
 

0.6348 

SD = Standard Deviation; CI = Confidence Intervals 
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Difference in GFAP expression in the area of the retrobulbar optic nerve 

immediately adjacent to the lesion but excluding the lesion itself 

 

Tables 24-25 summarise GFAP expression in Cx43 AS-ODN and Control treated optic nerves 

in the area immediately adjacent to the lesion but excluding lesion itself. Due to the fact that 

the lesion site itself represents a necrotic region with almost complete destruction of 

astrocytes within the area of direct laser damage, it was decided to assess the level of GFAP 

expression in the area immediately adjacent to the lesion, where astrocytes were still plentiful, 

as evidenced by GFAP staining of this part of the optic nerve. All of the pictures were taken at 

512 x 512 pixels in size and were focused on the lesion itself, thus providing a consistent 

amount of the optic nerve on each photograph involved in the analysis. All of the optic nerve 

depicted on each photograph was selected, excluding the lesion as detailed on the Fig 6 in the 

Methods section. 

There was no statistically significant difference in GFAP expression between control and 

Cx43 AS-ODN group, either when the level of expression was assessed as “Dye Count”, or as 

“Dye Area Fraction”. Similar levels of expression between the groups were observed in the 

area immediately adjacent to the lesion but excluding the lesion site itself, both at 8 hours and 

72 hours following rLRON induction. 

 

 

 

 

 

 

 



~ 263 ~ 

 

Table 24. Difference in GFAP expression in the area of the retrobulbar optic nerve 

immediately adjacent to the lesion but excluding the lesion itself, between Cx43 AS-ODN and 

Control treated nerves 8hrs following laser-induced damage. 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=2) 

Dye Count 

(number of spots of dye 

within selected area) 

 

805.25 

 

 

211.5 

 

 

SD 

 

1261.39 

 

91.22 

 

95% CI 

 

-2035.18 to 3222.68 

 

P-value  
 

0.5646 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

2.60 

 

 

0.65 

 

 

SD 

 

4.62 

 

0.44 

 

95% CI 

 

-7.70 to 11.59 

 

P-value  
 

0.6053 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 25. Difference in GFAP expression in the area of the retrobulbar optic nerve 

immediately adjacent to the lesion but excluding the lesion itself, between Cx43 AS-ODN and 

Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

1078 

 

 

1097.833 

 

 

SD 

 

256.98 

 

490.31 

 

95% CI 

 

-523.38 to 483.71 

 

P-value  
 

0.9318 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

16.56 

 

 

13.08 

 

 

SD 

 

12.91 

 

5.60 

 

95% CI 

 

-9.32 to 16.28 

 

P-value  
 

0.5582 

SD = Standard Deviation; CI = Confidence Intervals 
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Difference in Cx43 expression at the border of the lesion 

 

Tables 26-27 summarise GFAP expression in Cx43 AS-ODN and Control treated optic nerves 

at the border of the lesion. There was no statistically significant difference in GFAP 

expression between control and Cx43 AS-ODN groups at the border of the lesion for both 8 

hours and 72 hours following rLRON induction, either when the level of expression was 

assessed as “Dye Count”, or as “Dye Area Fraction”.  

 

 

Table 26. Difference in GFAP expression at the border of the lesion, between Cx43 AS-ODN 

and Control treated nerves 8hrs following laser-induced damage 

  

Control (n=4) 

 

Cx43 AS-OD
 (n=2) 

Dye Count 

(number of spots of dye 

within selected area) 

 

307.5 

 

 

132.5 

 

 

SD 

 

259.63 

 

126.57 

 

95% CI 

 

-386.65 to 736.65 

 

P-value  
 

0.4358 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

5.47 

 

 

1.81 

 

 

SD 

 

6.24 

 

1.65 

 

95% CI 

 

-9.49 to 16.82 

 

P-value  
 

0.4826 

SD = Standard Deviation; CI = Confidence Intervals 
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Table 27. Difference in GFAP expression at the border of the lesion, between Cx43 AS-ODN 

and Control treated nerves 72hrs following laser-induced damage. 

  

Control (n=6) 

 

Cx43 AS-OD
 (n=6) 

Dye Count 

(number of spots of dye 

within selected area) 

 

344.5 

 

 

316.1667 

 

 

SD 

 

193.63 

 

158.57 

 

95% CI 

 

-199.32 to 255.99 

 

P-value  
 

0.7872 

 

Dye Area Fraction 

(% of area occupied by dye 

within selected area) 

 

37.15 

 

 

39.09 

 

 

SD 

 

11.41 

 

6.62 

 

95% CI 

 

-13.94 to 10.06 

 

P-value  
 

0.7262 

SD = Standard Deviation; CI = Confidence Intervals 
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Discussion 
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Rodent Laser-induced Retrobulbar Optic 


europathy (rLRO
) model 

 

Optic nerve head appearance 

It has been shown previously that optic nerve head swelling in conditions such as hypotony, 

papilloedema, raised intra-ocular pressure or disruption of circulation in short posterior ciliary 

arteries is due to obstruction of  axoplasmic transport at the level of the lamina cribrosa
151-154

. 

 In rodents, optic nerve head swelling has been demonstrated in an experimental model of 

anterior ischaemic optic neuropathy both in rats
147

 and mice
148, 155

, where occlusion of micro-

vessels supplying the optic nerve head was achieved by injection of a photosensitising agent, 

Rose Bengal, via one of the tail veins of the animal and subsequent illumination of the optic 

nerve head with an argon green laser. The optic nerve head swelling was observed within one 

day of the induction of the neuropathy, with decrease of the swelling by day 3 and its 

complete resolution by day 5
147

. In my experiments however no swelling of the nerve head 

was documented despite reasonable proximity of the lesion to the lamina cribrosa. 

There are several possible explanations for this. In cases of anterior ischaemic optic 

neuropathy, acute ischemia has been implicated in blocking of the axoplasmic flow and thus 

producing optic nerve head swelling
156

. The ophthalmic artery in a rat lies inferior to the optic 

nerve and trifurcates immediately posterior to the globe into the  central retinal artery and 

nasal and temporal posterior ciliary arteries, which lie on either side of the nerve5. It is 

possible that due to the location of the laser-induced lesion on the superior aspect of the 

retrobulbar optic nerve and slightly posterior to the lamina cribrosa region, there has been no 

damage to posterior ciliary arteries, but to only a portion of a capillary network supplying the 

retrobulbar optic nerve, and thus no compromise to the blood supply of the optic nerve head 



~ 269 ~ 

 

(the central retinal artery patency was checked fundoscopically after every induction of 

rLRON). Therefore orthograde axoplasmic transport was not affected. 

Destruction of the axonal integrity at the site of the lesion can constitute another explanation 

for the lack of optic disc swelling in the rLRON cases in this study. As there is a destruction 

of axonal integrity, owing to the thermal nature of the injury, then axons at the site of such 

injury could become “leaky” and lose their axoplasm into the injury site, contributing to local 

tissue oedema but not causing axoplasmal build up anterior to the lesion.  

It is also possible that due to severe damage, the axonal intracellular machinery would stop 

functioning all together, resulting in a lack of axoplasmal flow and hence no optic nerve head 

oedema. 

Finally, location of the laser-induced lesion may simply be too far away from the sclera and 

not close enough to the lamina cribrosa (although, during experiments, it was physically not 

possible to bring the laser endoprobe any closer to the posterior sclera) so that axoplasmal 

flow does not get blocked at the small sieve-like openings of this firm elastic structure. 

However, all of the above are only speculations and further experiments are required to 

elucidate true answer. 
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Development of cellular changes over time 

rLRON induction resulted in the formation of a distinct area within the retrobulbar portion of 

the optic nerve, labelled as the “lesion site”, due to direct damage from exposure to the laser 

illumination. The main mechanism of injury was undoubtedly thermal in origin, although 

some absorption of the laser energy by the haemoglobin within the small blood vessels of the 

optic nerve cannot be excluded, as explained in the Methods section. Such absorption by the 

haemoglobin would have resulted in some damage to the endothelium of blood vessels, thus 

breaching the blood-brain barrier and contributing a degree of ischaemia to the overall 

mechanism of injury.  Immediately after the injury induction (at the one hour time point) the 

lesion site was oedematous and largely acellular. Regular linear cell organisation present in 

the normal optic nerve (with regular rows of cells probably representing oligodendrocytes 

running down the length of the optic nerve along the axons of retinal ganglion cells) was 

disrupted in that region. This is consistent with interstitial oedema seen by Tanaka et al
143

 on 

H&E stains 24 hours after permanent occlusion of the anterior choroidal artery in a miniature 

pig.  Such acellularity, in combination with an almost complete absence of GFAP expression 

in this region, implicates astrocytes as the main type of cells that have died shortly after 

exposure to the laser (oligodendrocytes have also clearly sustained damage but they weren’t 

specifically labelled and, by volume, astrocytes are the most prevalent type of cell in the 

CNS). Others too report a decrease in GFAP staining within the lesion core by day 1141. On 

examination of the photographs they provide in their paper (fig. 5) – there is too almost 

complete lack of GFAP expression at the lesion core (although only a part of the lesion core 

can be visualised on the photographs as authors did not provide a photograph of a complete 

lesion stained with GFAP). As a consequence of this astrocytic demise, level of Cx43 

expression within the lesion site has also dropped dramatically by comparison to the level of 
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its expression elsewhere in the retrobulbar optic nerve. This is due to the fact that astrocytes 

are the main type of cells expressing a large amount of Cx43 proteins on their surface, and in 

their absence levels of Cx43 will be drastically reduced, as expected. We know from other 

studies of white matter strokes in a rat
138, 140, 141

 and miniature pig
143

 that oligodendrocytes and 

axons are other cells that show signs of damage at this stage at the lesion core. 

Despite significant damage to astrocytes, Cx43 staining was still seen within the lesion site at 

an early stage. This low level of Cx43 expression is due to its ubiquitous nature and presence 

on endothelial cells of the blood vessels in the laser-damaged region, as well as its expression 

by early inflammatory cells seen in the lesion – neutrophils. Tanaka et al
143

 demonstrated 

preservation of an intact capillary bed within the white matter lesion in the brain, despite 

permanent occlusion of the anterior choroidal artery. Even as early as one hour following 

rLRON, there is presence of the neutrophil-specific marker MPO within the lesion site, 

pointing to the beginning of the inflammatory response to the injury. There must also be some 

astrocytic cellular remnants within the lesion and these may have residual amounts of Cx43 

still present. 

Arrival of neutrophils has been detected as early as one hour after the injury induction and 

intensity of staining for MPO, a neutrophil marker, has increased and reached its maximum at 

24 hours, after which it started to decrease from day 3 onwards. Some minor staining was still 

present at one week after the injury, but not at one month. Souza-Rodrigues et al
140

 and 

Moxon-Emre et al
141

 demonstrated the same pattern in their animals with neutrophils being 

detected by day 1 (they had no earlier time points) and their numbers declining by day 3 and 

almost disappearing by day 7. 

As more time passed since nerve injury, macrophages and probably activated microglia, as 

expected, have gradually replaced neutrophils at the site of the lesion, becoming the 

predominant type of inflammatory cell in the region of the lesion by 72 hours following 
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rLRON induction. Arrival of ED-1 positive cells to the site of the laser damage has been 

shown as early as eight hours after the injury, with extravasation of these cells from the 

capillaries at the lesion border. This is also entirely consistent with most of the animal 

experimental models of white matter ischaemia that document arrival of macrophages in 

increasing numbers from day 3 to day 7 into the lesion core
138, 140-143

 (with some reporting 

initial arrival of macrophages at day 1
140

). In addition, it is known that in acute pathological 

events microglia can be acutely blood derived from macrophages entering the CNS76, 77, thus 

further supporting the findings of this study. 

However the inflammatory reaction was not limited to sequential infiltration of the lesion site 

within the optic nerve with neutrophils followed by macrophages, but also involved the 

process of astrocytosis in the attempt to “wall-off” the damaged region and preserve the 

remaining unaffected retrobulbar optic nerve. As early as 24 hours after exposure to the laser, 

a thin line of hyperfluorescence was visible at the edge of the lesion on GFAP stained 

sections. This line remained prominent through to the 72 hour time point but resolved by 

seven days after the injury induction. Upregulation of Cx43 expression at the border of the 

lesion paralleled the increased GFAP staining, pointing to increased communication between 

activated astrocytes as well as the larger number of astrocytes being expressed in the region 

bordering the lesion due to cellular proliferation. Thus astrocytic activation, marked by 

increased GFAP immunoreactivity at the border of the lesion, is a prominent feature of the 

early inflammatory response but subsides and resolves as inflammation shifts into a chronic 

stage. Most of the animal models of white matter ischaemia also report an increase in the level 

of GFAP immunoreactivity at the border of the lesion at day 3 to day 7 following the acute 

insult, signifying the process of active astrocytosis138, 141, 143.  Furthermore, many studies 

investigating Cx43 expression following acute CNS ischaemia or trauma, confirm similar 

findings of reduced Cx43 and GFAP immunostaining at the lesion core as early as one hour 
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following the injury and subsequent upregulation of GFAP and Cx43 expression at the border 

of the lesion from day 2 to day 7. This pattern has been seen in rat models of focal
99

 and 

global
98

 cerebral ischaemia by means of arterial occlusion, in a rat model of 

photothrombotically induced focal brain ischaemia
100, 101

 as well as in different traumatic 

models of spinal cord compression
103, 104

 or transection
105, 106

. 

The presence of penumbra and its time course is not very well defined in white matter. The 

existence of penumbra in grey matter is a relatively short phenomenon, lasting on average 3-4 

hours133, 134 and all but disappearing (by virtue of being incorporated into irreversibly 

damaged lesion core) by about seven hours
132

. However, a human study utilising PET 

imaging found evidence of penumbral presence (both in white and grey matter) as long as 

16.5 hours following onset of the symptoms
135

. White matter, for reasons not fully known but 

probably related to its different composition and lower glucose and oxygen utilisation
137

, has 

been shown to have an  increased level of resistance to ischaemia compared to grey matter
135, 

137. Evidence of metabolic stress in the cells of white matter has been shown to become 

manifest on average 30-60 minutes later than for cells of grey matter in an in vivo cat model 

of global cerebral ischaemia
137

. This implies that the window of opportunity for intervention 

to save potentially viable cells in the penumbra of white matter is bigger than in grey matter. 

Just by how much  is not very clear, but based on current evidence is most probably a matter 

of hours. Sozmen et al
142

 found that the lesion in white matter of a rat following ET-1 

injection achieved its maximal intensity on MRI scan by day 2, which authors attributed to 

immune cell infiltration and associated oedema. This would also imply that existence of 

penumbra was shorter than that, as at two days after the injury the lesion was already at its 

maximum. 

Axonal and myelin damage has been reported to progress in white matter stroke from day 1 to 

day 7, and in some cases to 2-4 weeks
141-143

, however this progression is unlikely due to 
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penumbral demise, but is most probably secondary to the inflammatory response that 

accompanies a white matter injury. 

An interesting observation was made when reviewing publications investigating Cx43 

manipulation in order to reduce the amount of damage to the CNS during acute insults - the 

term penumbra was frequently used to describe the zone of increased GFAP 

immunoreactivity which borders the lesion, often considerably later than 3-6 hours during 

which penumbra (in grey matter) is reported to exist. After about 24 hours following the 

injury induction, such an area almost certainly signifies the process of astrocytosis (and hence 

increased Cx43 expression by activated and proliferating astrocytes in the area)  and early 

glial scar formation rather than the area of potentially reversible injury. For once, this region 

of increased GFAP staining was never correlated with DWI imaging on MRI scan which is 

used to identify penumbra, or with the area of ATP depletion, shown to be a marker of 

disrupted energy metabolism at the core of the lesion. Also, to emphasise the time mismatch 

again, penumbra is a concept of evolving acute ischaemic injury to the CNS which ceases to 

exist by about six hours (in the grey matter and probably a few hours later in the white matter) 

following the induction of ischaemia, at which point it becomes part of the irreversibly 

damaged core of the lesion. Labelling astrocytic changes bordering the lesion core as a 

penumbra after several days or longer following injury creation does not seem fitting, as it is 

the inflammatory response that drives tissue remodelling and/or further damage at this point 

and not a potentially reversible lack of perfusion (as the word penumbra would imply).  

The analysis of the lesion size in my experiments did not show statistically significant 

changes between different time points, hinting at absence of penumbra in the current model. 

There is however a non-statistically significant trend for average lesion size to be larger at 8 

hours and 24 hours post rLRON induction compared to 1 hour. This does match the 

approximate amount of time that a penumbra in a white matter lesion is expected to exist.  But 
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to prove this point conclusively, one would need to use significantly more animals due to a 

large biological variability from animal to animal in terms of response to tissue injury. An 

alternative explanation for this trend could be the presence of initial interstitial oedema that 

subsided at 72 hours, when a significant number of macrophages and activated microglia 

began infiltrating the lesion site. 

An interesting observation is that the model of optic nerve injury used in this study, which 

primarily involved targeted thermal damage of consistent and measurable quantity to the 

retrobulbar portion of the optic nerve, resulted in very similar cellular changes and a similar 

time course for those changes, to models of white matter ischaemia produced by reduction of 

cerebral blood flow.  This indicates that inflammation is an important common pathway with 

which the CNS responds to white matter injuries from a variety of causes. 

Despite the absence of lesion expansion per se, widespread inflammatory changes began to 

advance beyond the lesion borders within the optic nerve, starting from seven days after the 

rLRON induction. Large numbers of ED1 positive cells were present along the length of the 

entire optic nerve, extending well beyond the original laser-damaged site at this time point. 

This process is different to the expansion of the CNS lesion into surrounding penumbra, 

which occurs early after the injury (within hours), and represents late infiltration by 

inflammatory cells of seemingly healthy optic nerve tissue a considerable distance away from 

the original lesion site. This late infiltrate is densely focused in the superior portion of the 

optic nerve, i.e. on the same side that the laser was applied to. Such a pattern of macrophage 

infiltration is most probably due to the death of the axons in the superior portion of the optic 

nerve that have been disconnected from their cell bodies in the retina by the direct damage 

from the laser illumination of the superior nerve surface. Therefore macrophages become 

involved in clearing such non-viable axons along their entire length.  
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The actual size of the lesions at 32 days after the injury is much smaller than at any other time 

point in the experiment. This, together with some evidence of connective tissue deposition at 

the lesion’s border, points to ongoing remodelling of this area of the optic nerve and 

formation of the glial scar. It appears that the long-term morphology of the optic nerve lesion 

from injury is different to that seen in brain or spinal cord, where a fluid-filled cyst forms in 

the place of the affected neural tissue. In the case of the optic nerve, there is a gradual 

remodelling process and scar tissue formation at the site of the injury as well as widespread 

inflammatory changes along the course of the entire optic nerve (much denser on its superior 

aspect) even one month following the injury creation. 

One has to be mindful of limitations of current analysis (in regards to the size of the lesion) 

and accepting such results at face value, as there are several important factors which may 

have influenced the result, that need to be considered when interpreting this data. One such 

factor is the relatively small number of animals in each group. This  in combination with 

another factor – the large degree of biological variability in terms of response of each 

individual animal to the optic nerve injury (in some groups variability is quite significant, 

resulting in large standard deviations) in lesion formation (despite consistent conditions at 

lesion induction), could have contributed to the lack of statistical significance. This is 

compounded by the fact that the whole of the optic nerve was not available for determining 

the volume of each lesion. Only a few sections from each optic nerve were available for this 

analysis (as described in the Methods section). 

It is important to remember that as more time passes post lesion induction (this is particularly 

relevant to seven days and 32 days survival time points), the more lesion morphology 

changes, with an increase in connective tissue deposition within the lesion and thus apparent 

“shrinkage” of what was perceived to be the lesion area in the earlier time points. Finally, the 

32 day time point was completely excluded from the comparison of lesion size, as the 
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“lesion”, in the form that it was seen at earlier time points, no longer existed. At 32 days post 

induction there was a diffuse inflammation almost within the whole optic nerve, with a denser 

area of the inflammatory infiltrate at the location of the original lesion. Thus the results in 

regards to the lesion area need to be interpreted with caution.  

In summary, a new model of retrobulbar optic nerve injury has been created with well 

described cellular changes and inflammatory response that starts early on after such injury. It 

bears significant similarities in regards to cellular changes that occur following the injury to 

white matter due to ischaemic insult.   

 

Potential implications 

If inflammation is the key process driving cellular changes after white matter ischaemia, then 

the question begs for the role of steroid therapy for treatment of non-arteritic anterior 

ischaemic optic neuropathy (NAION) in humans. On reviewing the literature, there has been a 

recent spike in interest in administering systemic and intravitreal steroids for patients with 

NAION and there is an ongoing debate regarding the merits of such intervention
157

. Several 

early studies dating back to 1970 (24 patients)
158

 and 1974 (14 patients)
159

 reported 

improvement in visual acuity in eyes with NAION following treatment with systemic 

corticosteroids compared to non-treated eyes. However both studies were small and non-

randomised. Much bigger series of patients have recently been reported by Hayreh and 

Zimmerman160, who have conducted a cohort study of 613 consecutive patients with NAION 

seen in their clinics from 1973 to 2000. All patients were offered a choice of systemic 

corticosteroids or observation. Three hundred and twelve patients (364 eyes) opted for 

steroids treatment and 301 (332 eyes) chose observation. At six months after onset of 

NAION, treated eyes (with initial visual acuity worse than 6/21 and seen within two weeks of 
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onset) had a significantly higher chance of improvement in their visual acuity (odds ratio 

3.39, p = 0.001) and visual fields (odds ratio 2.06, p = 0.005). Furthermore, several recent 

reports describe visual improvement after intravitreal triamcinolone injection in patients with 

acute onset of NAION
161-163

. In a small series, Kaderli et al
161

 reported larger improvement in 

visual acuity and faster resolution of optic disc oedema in four patients who received 

intravitreal triamcinolone (10-22 days between symptoms onset and entry into the study) 

compared to six consecutive patients with NAION who did not. The treatment of NAION 

with either local or systemic corticosteroids remains controversial as there is no large 

randomised clinical trial available to justify the decision for treatment at this stage. However, 

there is a growing body of evidence for the involvement of an inflammatory response very 

early on after the onset of white matter ischaemia
138-143, 148

 to which this study contributes. 

The combination of such evidence for an inflammatory component of white matter ischaemia 

and beneficial use of steroids in NAION will hopefully re-ignite interest for a large 

randomised double blind placebo controlled trial that could definitively answer the question 

of whether there is value in treating patients with acute onset NAION with local or systemic 

corticosteroids. In addition, one might suggest the timing for such intervention to be shifted 

from more than a week after symptom onset, as has been the case for most of the available 

reports in the literature, to within 1-2 days (as inflammatory infiltrates have been shown to 

develop within 24 hours
140, 141

). 
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Cx43 AS-OD
 vs. Control 
 

Extent of the lesion 

Lesion size did not differ significantly between Cx43 AS-ODN treated nerves and controls at 

any of the studied time points. This correlates well with the finding from the previous section 

that there was no lesion spread during the observation time in the nerves that had rLRON 

induction but no further intervention of any kind. As the lesion is naturally walled-off and 

limited to the directly damaged area then it is not surprising that the same would apply to the 

nerves treated with experimental compound, such as Cx43 AS-ODN. The size of the necrotic 

area cannot decrease simply because cells in this region are dead and there is no turning back 

from this situation. Widespread infiltration of a large portion of the optic nerve with 

inflammatory cells a month after the injury was difficult to assess and compare on H&E slides 

and thus the 30 day time point was not included in lesion size analysis but was analysed in 

terms of macrophage infiltration (see below). 

 

Cx43 and inflammation 

The effectiveness of Cx43 AS-ODN in transiently decreasing levels of Cx43 expression in 

vitro and in vivo has been shown elsewhere
106, 126

. This study analyses its expression in the 

retrobulbar portion of the optic nerve following rLRON induction. As a distinct pattern of 

Cx43 expression at the site of the injury and its border had emerged in the experiments 

without any therapeutic intervention following injury creation, investigation of those regions 

of the nerve have been performed separately. 
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At the site of the direct laser damage labelled as the “lesion site”, similar levels of Cx43 

expression were seen in both nerves treated  with Cx43 AS-ODN and controls. The possible 

explanation for this is that the region of the optic nerve directly exposed to laser illumination 

has undergone focal necrosis with total loss of astrocytes in the region. As astrocytes are one 

of the major cell types within the retrobulbar portion of the optic nerve expressing Cx43, their 

loss resulted in a large decrease of Cx43 levels in the affected region in both groups. So the 

reason for a similar level of Cx43 within the lesion site between the groups could be the fact 

that there were not many cells left in that region of the optic nerve whose levels of Cx43 

expression could be altered by Cx43 AS-ODN. 

The border of the damaged area, where active astrocytosis has emerged shortly after the 

injury, also did not show any difference in Cx43 level of expression between Cx43 AS-ODN 

treated nerves and controls at either eight hour or 72 hour time points. A possible explanation 

for this is that the border of the lesion represents a region of astrocytosis with a large number 

of activated and proliferating astrocytes expressing large amounts of Cx43 protein. The 

strength of this inflammatory reaction means that if there was a difference in Cx43 expression 

in this region, it has to be considerable to be detected and a mild difference would have been 

diluted by the overall intensity of the inflammatory response. 

The level of Cx43 expression however did show a reduction in the area of the retrobulbar 

optic nerve immediately adjacent to the lesion (i.e. inferior to it) on one of the parameters 

assessed – “dye count”, i.e. a number of distinct areas with dye uptake, in Cx43 AS-ODN 

treated nerves as compared with controls eight hours following the injury. This reduction was 

statistically significant (p = 0.0209). The “Dye Fraction Area”, i.e. the percentage of the 

analysed area occupied by dye, was also smaller for the Cx43 AS-ODN group than for 

controls but the difference did not reach statistical significance (p = 0.2389). No difference in 

Cx43 levels were detected between the groups at 72 hours following the injury. This result 
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suggests transient downregulation of Cx43 protein levels in a physiologically normal part of 

the optic nerve with a large population of healthy astrocytes.  

In terms of inflammation after the injury, the early inflammatory response between Cx43 AS-

ODN treated nerves and controls was similar. Expression of the neutrophil marker MPO at the 

lesion site was not statistically different between the groups at the eight and 72 hour time 

points. However, as more time passed since the injury and inflammation shifted into its 

chronic stages, differences between the groups did emerge. ED1 expression (a macrophage 

marker), as assessed by “dye count” was significantly lower in the Cx43 AS-ODN treated 

group one week after the injury, p = 0.0294 (there was no statistically significant difference 

between “dye fraction area” parameter). However, one month after rLRON induction, not 

only the “dye count” (p = 0.0332) but also the “dye fraction area” (p = 0.0223) were 

significantly lower in controls than in nerves treated with Cx43 AS-ODN. At its face value 

this would suggest that transient downregulation of Cx43 levels following the injury to the 

optic nerve promotes a chronic inflammatory response to the injury and thus eventually 

results in more damage to the surrounding tissue from such an immunologically mediated 

reaction. But unfortunately a definitive conclusion cannot be made due to limitations of the 

study which are described below and need to be taken into account when evaluating the data 

presented in this section. 

The concept of Cx43 mediated bystander killing, although an intriguing one, may ultimately 

prove a much less effective mechanism for CNS cellular damage in vivo as opposed to cell 

culture experiments. Starting from the fact that even in the cell culture media experiments, 

conditions had to be optimised for maximal effect of lethal cell to cell communication. In an 

experiment with Cx43 transfected C6 glioma cells that over-expressed bcl2 gene, thus 

conferring increased resistance to injury in those cells, the death rate of resistant cells was 

95% following exposure to metabolic stress if the cell mixture contained ratios of resistant to 
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vulnerable cells between 1:100 and 1:10. At ratios of 1:5 the bystander killing was reduced to 

only 31% and was abolished all together at a ratio of 1:3
110

. So in cases of actual ischaemic 

lesion there likely to be a large amount of severely damaged cells at the core of the lesion but 

the ratio of damaged to healthy cells would drop significantly towards the periphery of 

ischaemic area. Another finding from the same experiment demonstrated that astrocytes are 

significantly worse at transferring those lethal signals than C6 glioma cells themselves. Only 

27% of bystanders died when a mixture of bcl2 positive C6 glioma cells and bcl2 negative 

astrocytes was exposed to metabolic stress lethal for the astrocytes. This finding was proposed 

to be due to uncoupling of Cx43 gap junctions in astrocytes as they lose their cell membrane 

integrity.  

There is also a lack of clear evidence that downregulation of Cx43 is beneficial in cases of 

acute CNS ischaemia, with some studies showing reduction in the volume of the infarcts
119-121

 

and others their augmentation
122-125

. Such opposite results are most probably due to the 

complexity of Cx43 functions in the CNS, where not only is it involved in formation of gap 

junction communication channels between cells, but also in formation of hemichannels and 

possibly in exerting its effects directly at a genetic level, independent of its gap junction 

activity
111

. The role of Cx43 hemichannels was shown to be opposite to the one in gap 

junctions under the influence of inflammatory cytokines released by activated microglia, with 

increased permeability of Cx43 hemichannels
90

 but inhibition of intercellular communication 

via Cx43 gap junctions
89, 90

. It would appear that there is a natural mechanism in place to limit 

the intercellular communication between severely damaged astrocytes and thus minimise 

bystander killing. Furthermore, the area of such severe damage begins to be walled off from 

unaffected tissue fairly early on by activated astrocytes and microglia, in order to confine 

potentially toxic products of inflammation to the lesion site itself. A recent study highlighted 

the importance of Cx43 hemichannels in maintaining the integrity of the vascular endothelium 



~ 283 ~ 

 

and blood brain barrier following retinal ischaemia in a rat, by employing Cx43 specific 

mimetic peptides designed to block Cx43 hemichannels at lower concentrations
164

. The study 

demonstrated a decreased amount of vascular leak from retinal vessels damaged by one hour 

of ischaemia, and as a consequence of that, a significantly reduced level of retinal ganglion 

cell loss in eyes treated with Cx43 specific mimetic peptides. This finding may potentially 

shift the emphasis of future investigations from Cx43 gap junctions to hemichannels. 

 

Limitations of the analysis 

Limitations of the analysis includes not only a limited number of animals and biological 

variability in terms of response to the consistent experimental intervention (i.e. laser 

illumination) but also issues related to the tissue processing and image analysis. There was 

only a limited number of sections possible from each of the lesions obtained as a result of the 

experiments simply due to the small dimensions of the optic nerve in a rodent of 200-300g in 

size. All of the lesion regions were analysed for a variety of protein expressions as well as 

overall morphology at different time points. This limited the number of sections available for 

a particular staining technique, often only two sections (a single slide). Location of these 

sections in relation to the centre of the lesion, i.e. their eccentricity from the centre, may also 

be slightly different between the nerves (although care was taken to be as consistent as 

possible in selection of slides for a particular staining technique). The ideal situation, where 

the whole of the optic nerve would be available for the analysis of the particular protein 

expression as a function of the volume of the lesion, as opposed to a representative cross-

section, was not possible due to the prohibitively large number of animals and resources 

required for such experiments.  
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Image processing introduced another level of bias in the analysis due to the large size of the 

sections and lesions themselves in terms of obtaining high magnification photos. Attempts at 

photographing longitudinal sections of the optic nerve at the same settings for every optic 

nerve involved were not successful, as different sections of the nerve were at a slightly 

different level in the fixing media and were completely out of focus if uniform settings were 

attempted. This necessitated adjustment of the settings for individual slides in order to 

optimise the quality of the image obtained.  

One of the possibilities for the finding that Cx43 AS-ODN treated nerves displayed more 

inflammation at 30 days after the injury could be a difference in original lesion size between 

the groups (due to biologic variability in response to laser exposure), which would 

subsequently result in differences in the late phase of the inflammatory response between the 

groups. Although there was no statistically significant difference in lesion size between the 

Cx43 AS-ODN and control groups in earlier time points, with the small number of animals 

involved, even a non-statistically significant difference could have been important. 

In conclusion, there was a suggestion of transient Cx43 downregulation in the unaffected part 

of the optic nerve at eight hours, and possibly a reduction in macrophage infiltration at one 

week after the injury in eyes treated with Cx43 AS-ODN as compared to controls. However at 

one month following the injury, there were significantly more macrophages present in Cx43 

AS-ODN treated nerves than in controls.   

However,  given the amount of significant limitations encountered in the analysis, these 

results needs to be looked at with caution. 
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Key findings: 
 

1) A new model of rodent retrobulbar optic nerve injury has been developed and resultant 

cellular changes described. 

 

2) The documented inflammatory changes of the initial infiltration of the lesion with 

neutrophils followed by their replacement with macrophages and accompanied by 

bordering of the lesion with a rim of astrocytosis are consistent with other 

experimental models of white matter ischaemia. 

 

3) No optic nerve head swelling was detected at any stage. 

 

4) The lesion area did not show a statistically significant change in size between different 

time points, although there was a non-statistically significant increase in lesion size 

from 1 hour following the injury through to 24 hours. 

 

5) Cx43 upregulation at the border of the lesion closely correlates with the extent and 

temporal pattern of astrocytic activation and proliferation in the same region. 

 

6) Cx43 AS-ODN was not effective in limiting the extent of the injury to the retrobulbar 

portion of the optic nerve, but this result needs to be treated with caution. 
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