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OT 

Figure 1. Gross anatomy of the adult goldfish brain, dorsal view. The brain consists of various lobes, most 

of which are paired. The axons of the retinal ganglion cells exit the retina at the back of the eye ball, run through 

the optic nerves (ON), which meet at the optic chiasm (not seen), and then form the optic tract (not seen) before 

terminating in the optic tecUlm (OT). Telencephalon (Tel), cerebellum (CB), and vagal lobe (VL). Scale bar = I 

mm 

Figure 2. Overview of the expression pattern of TN-R in the adult goldfish brain. In sagital sections of the 

brain, TN-R immunoperoxidase labeling is associated with myelinated axon tracts in the olfactory bulb (OB), 

optic rectum (OT), cerebellum (CB), vagal lobe (VL), tegmentum (Teg), and spinal cord (SC). Telencephalon 

(Tel), dorsal (d) and ventral (v). Scale = I rum 
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OFL had still not returned to that seen in the retina on the side of the unlesioned optic nerve 

(compare figure 3b to figure 4d) but remained strong in the OPL. A further increase in the 

numbers of ES87-positive fibers was seen at 3 (not shown) and 6 weeks (Figure 4e, arrow 

heads) after the optic nerve crush. 

Figure 3. The expression pattern of TN-R in the retina before an optic nerve crush. (a), DAPI staining 

shows the arrangement of nuclei in the different retinal layers: the outer nuclear layer (ONL), outer plexiform 

layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), and the optic fiber layer (OFL). (b), mouse 

monoclonal anti-TN-R antibodies stain the OFL as well as the OPL. (c), rabbit polyclonal anti-E587 antibodies 

label new retinal ganglion (ROC) axons in the OFL (arrows). (d), merged image of (c) and (d) shows E587-

positive fibers growing in both TN-R-positive regions (arrow heads) and TN-R-negative (asterisk) of the OFL. 

Scale bar = 50 flm 

3.3.2 Expression of TN-R ligands and ECM interaction partners in the retina 

3.3.2.11N-R and F3 

In the retina on the side of the unlesioned optic nerve, rabbit sera (24IU) against the neural 

cell adhesion molecule F3 labeled a few RGC axons in the OFL (Figure Sb, arrow heads) and 
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belong to astocytes, which in mammals are known to express laminin (Leisi et aI., 1984), or 

they could even belong to oligodendrocytes, which in fish are comparable to Schwann cells 

(Bastmeyer et aI., 2004) which secrete laminin (Cornbrooks, 1983). Thee weeks after the 

optic nerve crush, anti-laminin antibodies continued to intensely stain processes in the OFL 

(Figure 7e, arrow heads). Again, there was significant colocalization of TN-R and laminin 

staining in the OFL but spatial differences were seen in some areas, especially the outennost 

OFL, where the change in the resulting colour of the superimposed red (laminin) and green 

(TN-R) images from yellow before the lesion to orange three weeks after the lesion suggests 

that an increase in laminin levels or a decrease in TN-R occurs after the optic nerve crush 

(Figure 7f). No suitable section section from a six weeks postinjury goldfish optic nerve at 

the lesion site was cut or stained. 

TN-R E587 TN-R + E587 

1 wk 

6 wks 

Figure 4. The expression pattern of TN-R and E587 in the retina after an optic nerve crush. (a), after I 

week (wk), the staining intensity ofTN-R is weaker in some regions of the outer fiber layer (OFL) but remains 

strong in the outer plexifonn layer (OPL). (b), after I wk, there is an increase in the number of ES87-labeled 

fibers in the OFL. Both individual axons (arrows) and fascicles ofaxons (arrow heads) can be seen. (c), merged 

image of (a) and (b) shows ES87-labeled fibers in both TN-R-positive and TN-R-negative (asterisk) regions 

(arrow heads) of the OFL. (d), after 6 wks, the staining intensity of TN-R in the OFL is weaker than in (a) but 

remains strong in the OPL. (e), after 6 weeks, there is a further increase in the number of ES87-labeled fibers in 

the OFL. (I), merged image of (d) and (e) shows increased numbers of ES87-1abeled fibers growing in the TN­

R-weak OFL. Scale bar = SO ~m 
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Figure 5. The expression pattern of TN-R and F3 in the retina before and after an optic nerve crush. (a), 

in the retina on the side of the unlesioned optic nerve (control); mouse monoclonal antibodies against TN-R 

intensely stain the OFL (b), in the control retina, rabbit F3 (241l1) sera stains isolated RGC fibers (arrow heads) 

in the OFL (c), merged image of (a) and (b) shows that these few F3-positive fibers are growing in TN-R­

positive regions of the OFL (d), in the retina on the side of the lesioned optic nerve after I week (wk), intense 

TN-R immunoreactivity is still observed in the OFL as well as in the OPL (e), after I wk there is an increased 

number of individulal RGC fibers (arrow heads) as well as fascicles of RGCs (arrow) labeled with F3(24Ill) in 

the OFL (f), merged image of (d) and (e) shows these F3-positive fibers growing in both TN-R-positive (arrow 

heads) and TN-R-negative (asterisk) regions of the OFL (g), after 3 wks the intensity of TN-R 

immunoreactivity is decreased in the OFL compared to at 1 wk in (d) but increased in the OPL (h), in the retina 

on the side of the lesioned optic nerve after 3 wks, F3 (41.6) sera labels numerous RGC fibers in the OFL (arrow 

heads), (i), merged image of (g) and (h) shows that these FJ-positive fibers are growing in TN-R-positive 

regioos of the OFL, as evidenced by their colocalized yellow staining (arrow heads). U), in the retina on the side 
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of the lesioned optic nerve after 6 wks, the intensity of TN-R immunoreactivity in the OFL is further decreased 

compared to at 3 wks in (g) but remains strong in the OPL. Weak TN-R staining of perineuronal nets (asterisk) 

in the rNL is also observed. (k), in the retina on the side of the lesioned optic nerve after 6 wks, only a few 

fibers throughout the retinal layers were labeled with F3 (41.6) sera. (I), these sparse F3-positive fibers were 

seen growing in the TN-R-positive OFL as evidenced by their colocalized yellow/orange staining (arrow heads). 

Scale bar = 50 ~m 

TN-R CSPGs TN-R + CSPGs 

control 

3 wks 

6wks 

Figure 6. The expression pattern of TN-R and CSPGs in the retina before and after an optic nerve crush. 

(a), in the retina on the side of the unlesioned optic nerve (control), rabbit polyclonal antidodies against TN-R 

intensely stain the OFL. (b), in the control retina, mouse monoclonal antibodies against CSPGs also intensely 

stain the OFL. (c), merged image of (a) and (b) shows that TN-R and CSPG colocalize substantially in the OFL. 

(d), in the retina on the side of the lesioned optic nerve after 3 weeks (wks), TN-R continued to be strongly 

expressed i.n the OFL as well as in the OPL. (e), after 3 wks, CSPGs also continued to be strongly expressed in 

the OFL as well as in the OPL. (t), merged image of (d) and (e) shows that TN-R and CSPG continue to 

colocalize in the OFL and in the OPL. (g), after 6 wks, the intensity ofTN-R immunoreactivity in the OFL was 

markedly decreased compared to at I wk post-injury in (d). (h), after 6 wks, the intensity of CSPG 

immunoreactivity in the OFL was markedly decreased compared to at I wk post-injury in (e). (i), merged image 

of (g) and (h) shows that TN-R and CSPG only somewhat colocalize in the OPL. Scale bar = 50 ~m 
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Figure 7. The expression pattern of TN-R and lamillin in the retina before and after an optic nerve crush. 

(a), in the retina on the side of the unlesioned optic nerve (control), mouse monoclonal antibodies against TN-R 

intensely stain the OFL and weakly stain the OPL. (b), in the control retina, rabbit polyclonal antibodies against 

laminin (LN) stain many processes in the OFL (arrow heads). There are also regions of intense LN staining 

where individual processes are indiscernible (asterisk). (c), merged image of (a) and (b) shows that these 

numerous LN-labeled processes co localize considerably with TN-R in the OFL (arrow heads), as evidenced by 

their orange/yellow staining. (d), in the retina on the side of the 1esioned optic nerve after 3 weeks (wks), the 

intensity of TN-R immunoreactivity remained intense in the OFL and labeling in the OPL was stronger. (e), 3 

wks after the optic nerve crush, there was an increase in the number of LN-stained processes in the OFL. (f), 

merged image of (d) and (e) shows that these LN-stained processes colocalized with TN-R in some regions of 

the OFL (arrow heads), while in other regions the LN staining predominated (asterisk) or the TN-R staining 

predominated (arrow). Scale bar = 50 11m 

3,3.2.4 TN-R and fibronectin 

In the retina on the side of the unlesloned optic nerve, rabbit polyclonal antibodies against 

fibronectin labeled isolated processes in the OFL (Figure 8b, arrow heads), where there was a 

significant colocalization ofTN-R and fibronectin expression (Figure 8c). One week after the 

optic nerve crush, there was an increase in the number of fibronectin-stained processes and 

some of them were seen in the more inner retinal layers (compare the number of arrow heads 

in figure 8b with figure 8e). These processes may be related to blood vessels but could also 

belong to astrocytes which, in mammals, are known to express fibronectin (Leisi et aI., 1984; 

Tom et aI., 2004) and enter the retina where they are closely associated with blood vessels in 

the OFL (Jiang et aI., 1994; MacLaren, 1996). Again, there was significant colocalization of 

TN-R and fibronectin staining in the OFL (Figure 8f). The maximum number of fibronectin-
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stained processes was seen at 3 weeks (Figure 8h, arrow heads). After 6 weeks, there were 

still more fibronectin-labeled processes in the OFL compared to in the unlesioned retina 

(compare the number of arrow heads in figure Sb with figure Sk), and fibronectin-Iabeled 

processes were seen within the TN-R-positive OFL (Figure SI). 

TN-R FN TN-R + FN 

control 

1 wk 

3 wks 

6 wks 

Figure 8. The expression pattern of TN-R and fibronectin in the retina before and after an optic nerve 

crush. (a), in the retina on the side of the unlesioned optic nerve (control), monoclonal antibodies against TN-R 

intensely label the OFL. (b), in the control retina, polyclonal antibodies against fibronectin (FN) sUlin a few 

isolated processes ill the OFL (arrow heads). (e), merged image of (a) and (b) shows that these few FN-labeled 

processes co localize with TN-R in the OFL (arrow heads), as evidenced by their orange/yellow staining. (d), in 

the retina on the side of the lesioned optic nerve after 1 week (wk), the intensity of TN-R immunoreactivity 

remained strong in the OFL and labeling could also be seen ill the OPL. (e), I wk after the optic nerve crush, 

there was an increase in the number ofFN-labeled processes in the OFL compared to in the control retina in (b). 
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Figure 10. The expression pattern ofTN-R and TAG-l in the unlesioned nerve. (a), mouse monoclonal TN­

R antibodies stain the neural component of the optic nerve. (b), rabbit polyclonal anti-T AG-l antibodies stain 

the axons of newly growing nasal retinal ganglion cells (RGCs) growing along the optic nerve. (c), merged 

image of (a) and (b) shows TAG-l labeled axons growing in TN-R-positive regions of the optic nerve. Scale bar 

= 100 Jlm 

One week after the optic nerve crush had been performed; the regenerating nerve had a very 

different appearance. There was an increase in the number of nuclei at the lesion site (Figure 

11 a, arrow heads), probably corresponding to invading fibroblasts and proliferating astrocytes 

(Hirsch et aI., 1995). The nuclei had lost their linear arrangement and some appeared 

pyknotic. There was also a marked decrease in the intensity of MBP staining, particularly at 

the lesion site (Figure 11 c), indicating that the oligodendrocytes there had died or 

dedifferentiated (Ankerhold and Stuermer, 1998). The increase in E587 immunoreactivity 

above the lesion site, on the retina side (Figure 11 d), indicated that new and regenerating 

RGC axons had begun their journey of regrowth back towards the optic tectum. In fact, a few 

individual RGC axons had already crossed the lesion site (Figure 11 e, arrow heads). The 

oligodendrocytes in the lesion site also downregulated TN-R expression there (Figure 14c, 

asterisk). Although the TN-R staining intensity was weaker at the lesion site, it was 

maintained in the part of the optic nerve adjacent to the retina (Figure 14d) and in the part of 

the optic nerve adjacent to the chiasm (Figure 14e) at levels comparable to and possibly even 

higher than, the unlesioned nerve (Figure 16b). 

After 3 weeks, the majority of the regenerating RGC axons had crossed the lesion site, as 

indicated by the staining ofE587-labeled fibers along the length of the nerve (Figure 12e). At 

this stage the oligodendrocytes at the lesion site had not yet begun reexpressing MBP (Figure 

12d) but had begun reexpressing TN-R both directly above and below the lesion site (Figure 

15a and figure 15d), while at the lesion site itself, TN-R staining was still sparse (Figure 

14g). In the region of the optic nerve adjacent to the chiasm, there seemed to be a slight 

decrease in TN-R staining intensity compared to the unlesioned optic nerve but there was by 
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Figure 12. Characterization of the lesioned optic nerve 3 weeks after an optic nerve crush. (a), DAPI stains 

an even greater number of nuclei, particularly in the lesion site (between the arrow heads). (b), high power 

magnification of insert in (a) shows typical nuclei above of the lesion site (dashed line) along side atypical 

nuclei in the lesion site (asterisk). (c), MBP staining in the lesion site (between the arrow heads) is absent. (d), 

high power magnification of the insert in (c) shows oligodendrocytes below the lesion site, on the optic chiasm 

side, which continue to express MBP. (e), E587-labeled fascicles of regenerating RGC axons extend throughout 

the length of the nerve. (t), high power magni fication of insert in (d) shows individual RGC axons which have 

crossed the lesion site and are approaching the optic chiasm. Scale bar in (a), (c), and (e) = 100 11m, Scale bar in 

(b), (d), and (f) = 50 11m 
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Figure 13. Characterization of the lesioned optic nerve 6 weeks after an optic nerve crush. (a), DAPI 

staining continues to delineate the lesion site (between the arrow heads) by virtue of the numerous and 

disorderly arranged nuclei. (b), high power magnification of insert in (a) shows typical nuclei above the lesion 

site (dashed line) along side atypical nuclei in the lesion site (asterisk). (c), absence of MBP staining in the 

lesion site (between arrow heads) is still observed. (d), high power magnification of insert in (c) shows 

oligodendrocytes above the lesion site (dashed line), which continue to express MBP. (e), anti-E587 antibodies 

continue to stain numerous fascicles of regenerating RGC axons throughout the length of the nerve. (I), high 

power magnification of insert in (d) shows both individual RGC axons (arrow head) as well as larger fascicles 

ofaxons. Scale bar in (a), (c), and (e) = 100 /lill, Scale bar in (b), (d), and (f) = 50 /lID 
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Six weeks post-injury, by which time most of the regenerating RGC axons would have 

reached the tectum, there was continued upregulation of E587 expression (Figure l3e). The 

oligodendrocytes located at the lesion site had still not yet differentiated into mature 

myelinating phenotypes, as evidenced by the persistent absence of :rv1BP staining (Figure 

l3c). At this point in the time course, TN-R expression at the lesion site was slighty stronger 

than at 3 weeks post-injury but was still weaker compared to unlesioned optic nerve levels 

(not shown). At the chiasm-near end of the optic nerve, the intensity of TN-R staining in the 

6 weeks post-injury optic nerve was however comparable to that observed in the unlesioned 

optic nerve (Figure 16f). 

Figure 14. Expression of TN-R in the unlesioned and regenerating optic nerve. (a), anti-TN-R antibodies 

weakly stain the unJesioned nerve. (b), nigh power magnification of insert in (a) shows punctuate staining of 
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TN-R within the ECM of the fascicles. (c), one week after the optic nerve injury, TN-R staining is markedly 

decreased at the lesion site (asterisk) . (d), high power magnification of (c') shows that TN-R continues to be 

expressed in the lesioned nerve in regions above the lesion site (asterisk), on the retina side. (e), high power 

magnification of (c") shows that TN-R also continues to be expressed in the lesioned nerve in regions below the 

lesion site (asterisk), on the chiasm side. (I), 3 weeks after the optic nerve injury, a high power magnification of 

the nerve above the lesion site, on the retina side, shows a weaker intensity of TN-R staining compared to at I 

week in (d) . (g), 3 weeks after the optic nerve injury, a high power magnification of the nerve at the lesion site 

shows only weak TN-R staining. (h), 3 weeks after the optic nerve injury, a high power magnification of the 

nerve below the lesion site, on the chiasm side, shows a weaker intensity of TN-R staining compared to at I 

week in (e) . Scale bar in (a) and (c) = 100 11m, Scale bar in (b), (d), (e) = 100 11m, Scale bar in (t), (g) and (h) = 

SO 11m 

Figure 15. Reoccupation of the lesion site by TN-R-expressing but not MBP-expressing oligodendrocytes 

3 weeks after an optic nerve crush. (a), rabbit polyclonal anti-TN-R antibodies stain the optic nerve 

immediately above the lesion site, on the retina side. (b), monoclonal rat anti-MBP antibodies stain a smaller 

area of the corresponding nerve region in (a) . (c), merged image of (a) and (b) shows that olidogendrocytes 

immediately above the lesion site, on the retina side, begin upregulating TN-R expression before MBP 

expression, as evidenced by the predominantly green staining. (d), TN-R staining in the optic nerve immediately 

below the lesion site, on the chiasm side. (e), MBP staining is weak in the the corresponding nerve region in (d). 

(f), merged image of (d) and (e) shows that oligodendrocytes immediately below the lesion site, near the chiasm 

end, begin upregulating TN-R expression before MBP expression, as evidenced by the predominantly green 

staining. There were a few spots of colocalized TN-R and MBP staining (asterisk) . Scale bar = SO Ilm. 
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Figure 16. Expression of TN-R at the optic chiasm during optic nerve regeneration. a), I week (wk) after 

the optic nerve crush, intense TN-R staining is seen in the unlesioned and lesioned (asterisk) optic nerve. (b), 

high power magnification of insert in (a) shows that the intensity of TN-R staining in the lesioned nerve 

(asterisk) is comparable to, if not higher than, in the unlesioned nerve. (c), 3 wks after the optic nerve crush, TN­

R staining was still observed in the lesioned optic nerve (asterisk). (d), high power magnification of insert in (c) 

shows that the intensity of TN-R staining in the lesioned nerve (asterisk) was slightly weaker than in the 

unlesioned nerve. (e), 6 wks after the optic nerve crush, detectable levels ofTN-R staining are still observed in 

the lesioned optic nerve (asterisk). (t), high power magnification of insert in (e) shows that the intensity ofTN-R 

staining in the lesioned nerve (asterisk) was comparable to, if not slighter weaker than, in the unlesioned nerve. 

Scale bar in (a), (c), and (e) = 100 11m, Scale bar in (b), (d) and (f) = 100 11m 

3.3.4 Expression of TN-R ligands and ECM interaction partners in tbe optic nerve 

3.3.4.1. TN-R and F3 

The unlesioned nerves at all time points displayed a typical F3 staining pattern, whereby 

individual ROC axons could be visualized within axon fascicles (Figure 17a). One week after 

the optic nerve crush, only a few F3-labeled fibers were seen in the optic nerve immediately 

adjacent to the retina (Figure 17d). These few fibers probably correspond to new and/or 

regenerating ROC axons. Elsewhere throughout the lesioned nerve, F3 staining was not 

observed (not shown). Six weeks after the optic nerve crush, F3-labeled fibers were observed 

in regions of the optic nerve below the lesion site, at the chiasm end (Figure 17g). In most 

instances the F3-labeled fibers were closely aligned with glial cells, indicated by their 

proximity to DAPI-Iabeled nuclei (Figure 16i), as has previously been reported (Haenisch et 
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al., 2005). The presumptive F3-expressing glial cells were located in TN-R-postive regions of 

the nerve (Figure 17h). 

control 

1 wk 

6wks 

Figure 17. Expression of F3 and TN-R in the unlesioned and regenerating optic nerve. (a), rabbit anti-F3 

sera (41.6) stains individual retinal ganglion (RGC) axons seen here in the region of the optic chiasm in the 

unlesioned (control) nerve. (b), the corresponding TN-R image shows typical punctuate staining ofTN-R within 

fascicles of nerve fibers. (c), merged image of (a) and (c) shows that F3-labeled RGC axons extend through the 

TN-R-stained extracellular matrix within fascicles. (d), I week (wk) after the optic nerve crush, F3-labeled RGC 

axons are seen above the lesion site, directly adjacent to the retina, probably corresponding to new fibers that 

have just exited the retina. (e), the corresponding TN-R image shows that the intensity of TN-R 

immunoreactivity has not decreased after the injury compared to the control nerve in (b). (t), merged image of 

(d) and (e) shows substantial colocalization between F3-labeled RGC axons and the TN-R-stained optic nerve, 

directly adjacent to the retina. (g), 6 wks after the crush injury, F3 (41.6) sera stained cellular profiles in the 

optic chiasm end of the nerve. (h), the corresponding TN-R image shows that these profiles are also stained with 

TN-R antibodies. (i), merged image of (g) and the corresponding DAPI image (not shown), shows that the F3-

labeled profiles are closely associated with nuclei, suggesting that they may correspond to glial processes. Scale 

bar in (a), (b), (c), (d) and (f) = 100 j.lm, Scale bar in (g), (h), and (i) = 50 j.lm 
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staining 111 fascicles (Figure 19h, arrow heads). There was however also some spatial 

differences as fibronectin-positive fibers were seen growing in TN-R-negative pathways 

(Figure 19h, arrow heads). 

LN LN TN-R LN + TN-R 

Figure 18. Expression of laminin and TN-R in the unlesioned and regenerating optic nerve. (a), rabbit 

polyclonal anti-laminin (LN) antibodies strongly stain the unlesioned (control) nerve at a low magnification. (b), 

high power magnification of insert in (a) shows that LN is associated with the connective tissue components of 

the fascicles. (e), the corresponding TN-R staining shows that TN-R is located within tbe connective tissue 

boundaries. (d), merged image of (b) and (c) shows partial colocalization of LN and TN-R at the borders of 

fascicles (arrow heads). (e), LN immunoreactivity remained intense in the lesioned nerve I week (wk) after the 

clUsh injury. (1), high power magnification of insert in (e) shows that there is a slight increase in the intensity of 

the laminin staining compared to control levels in (b). (g), the corresponding TN-R image shows intensity levels 

comparable to the control nerve levels in (c). (h), merged image of (f) and (g) confirms the slight increase in the 

intensity of the laminin compared to uruesioned levels, as evidenced by the greener coloured colocalization 

pattern with TN-R staining at the borders of fasicles (arrow heads). (i), after 3 wks, LN immunoreactivity 

remains intense in the lesioned nerve. OJ, high power magnification of insert in (i) shows that there is a further 

slight increase in LN staining intensity in the lesioned nerve compared to at I wk in (f). (k), the corresponding 

TN-R image shows that TN-R staining is highest at the borders of fascicles (arrow heads). (I), merged image of 

U) and (k) shows partial colocalized staining ofLN and TN-R at the borders of the fascicles that is more intense 

compared to control levels in (d). Scale bars in (a), (e) and (i) = 100 fJ.m, Scale bar in (b), (c), (d), (f), (g), (h), U), 

(k), and (I) = 100 fJ.In 
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control 

3 wks 

6 wks 

Figure 19. Expression of fibronectin and TN-R in the unlesioned and regenerating optic nerve. (a), rabbit 

polyclonal anti-fibronectin (FN) antibodies stain the connective tissue components of the fasicles and also stain 

blood vessels (asterisk) in the unlesioned (control) optic nerve. (b), the corresponding TN-R staining shows that 

in comparison, mouse monoclonal anti-TN-R antibodies stain the neural components of the nerve. (c), merged 

image of (a) and (b) shows partial colocalization of FN and TN-R at the borders of fascicles. (d), by 3 weeks 

(wks), an increase in FN-labeled fibers (arrow heads) is seen at the lesion site. (e), the corresponding TN-R 

staining in the lesion site is diffuse. (1), merged image of (d) and (e) shows that there is only partial 

colocalization of FN and TN-R expression in the lesion site. (g), after 6 wks, FN-Iabeled fibers, most likely 

fibroblasts, are observed below the lesion site, on the chiasm side. (h), the corresponding TN-R staining shows 

the characteristic punctuate staining of the nodes of Ranvier. (i), merged image of (g) and (h) shows significant 

colocalization of FN-labeled fibers within TN-R-positive regions (arrow heads), as well as as some FN-labeled 

fibers within TN-R-negative regions (arrows). Scale bar in (a), (b), (c), (d), (e), and (f) = 100 11m, Scale bar in 

(g), (h), and (i) = 100 11m 

3.3.5 Expression of TN-R and its interaction partners in the optic tectum 

During development, as well as during regeneration, axons from RGCs form topographical 

projections within the optic tectum, a visual brain center known as the superior colliculus in 

mammals. The optic tectum is located in paired lobes in the mid-region of the brain (Figure 

1), and like the retina, it consists of neurons arranged in several layers, or concentric laminae. 
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increase in laminin staining intensity along the route of incoming RGC axons may suggest 

that laminin plays a role in establishing a growth-supportive pathway in the SO for the RGC 

axons entering the optic tectum. 

Figure 20. Characterization of the aduJt goldfish optic tectum before and after an optic nerve crush, 

rostral view. (8), DAPI stains the orderly arranged nuclei in concentric laminae in the tectum on the same side 

as the crushed nerve (unlesioned optic tectum). (b), I week after the optic nerve crush, DAPI staining in the 

tectum on the the opposite side as the crushed nerve (regenerating tectum) looks somewhat disorganized. (c), in 
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the unlesioned tectum, rat monoclonal anti-MBP antibodies stain the myelinated axons in the stratum 

functionale (SO), which become unmyelinated as they travel in a more caudal direction, as well as myelinated 

tracts in the deeper stratum album centrale (SAC). (d), I week after the optic nerve crush, MBP staining is 

diffuse in the SO but retained in the SAC. (e), in the unlesioned tectum, rabbit polyclonal anti-TN-R antibodies 

label the myelinated axons in the rostral SO, as well as myelinated tracts in the deeper SAC. (f), 1 week after the 

optic nerve crush, TN-R staining is also diffuse in the SO but retained in the SAC. Pia mater (PM), stratum 

marginale (SM), stratum fibrosum et griseum superficale (SFGS), stratum griseum periventriculare (SGP), and 

stratum griseum periventriculare (PV). Scale bar = 100 flm 

TN-R MBP TN-R + MBP 

control 

1 wk 

Figure 21. Expression of TN-R and MBP in the optic tectum before and after an optic nerve crush, rostral 

view. (a), in the unlesioned (control) optic tectum, rabbit polyclonal anti-TN-R antibodies stain the stratum 

opticum (SO), the most superficial retinorecepient layer, as well as along the entire length of the deeper stratum 

album centrale (SAC). (b), rat monoclonal anti-MBP antibodies also stain the SO in the control optic tectum as 

well as the myelinated tracts of the SAC. (c), merged image of (a) and (b) shows that there is substantial 

co localization of TN-R and MBP in the SO and SAC of the unlesioned tectum. (d), I week (wk) after the optic 

nerve crush the intensity of TN-R staining in the SO is weaker compared to in (a). TN-R labeling in the SAC 

remained similar to in the control tectum in (a). (e), I wk after the optic nerve crush MEP staining intensity was 

reduced in the SO compared to in the control tectum in (b). MBP labeling in the SAC remained similar to in the 

control tectum in (b). (f), merged image of (d) and (e) shows that, while the deeper tectal layers continue to 

express TN-R and MBP, these oligodendroctye-associated proteins are both downregulated in a temporally and 

spatially similar manner in the SO. Scale bar = 100 flm 
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Figure 22. Expression of fibronectin and laminin in the optic tectum before and after an optic nerve 

crush. (a), rabbit polyclonal anti-fibronectin (FN) antibodies intensely stain the glia Iimitans, a structure where 

cells of the eNS border the pia mater (PM) i.n the unlesioned optic tectum. FN immunoreactivity was also 

associated with blood vessels (asterisk) and other cellular profiles in the mid-tectal layers (arrow head). (b), 

rabbit polyclonal anti-Iaminin (LN) antibodies also stained the glia limitans, although more weakJy compared to 

fibronectin in (a), and LN immunoreactivity is also closely associated with blood vessels (asterisk). (c), 1 week 

after the optic nerve crush there was an increase in the intensity of the laminin staining. Individual fibers could 

be seen in the glia Iimitans (arrow heads), and there was an increase the non-basal lamina pathway of the 

stratum opticum (curved dashed lines). Scale bar= 100 ~m 

3.4 Regenerating goldfish optic nerve sections which express TN-R are 

permissive for the outgrowth of mammalian eNS neurites 

The inununocytochemical results showed that the expression of TN-R persists in the optic 

nerve 3 weeks after an optic nerve lesion. As TN-R is considered to be an axon growth­

inhibiting protein in marrunals (Pesheva et al., 1993; Taylor et al., 1993), this raised the 

question of whether and how the substrate properties of the goldfish optic nerve were affected 

by the presence of this protein. In order to compare the substrate properties of the unlesioned 

versus regenerating goldfish CNS for axon outgrowth from mammaljan neurons, it was 

analyzed whether neurite outgrowth from these cells was enhanced or inhibited on 

cryosections of 3 weeks post-injury goldfish optic nerve. Cryosectioning of the nerve ensured 

that the integrity of the endogenous proteins expressed in the tissue, such as TN-R, was 

preserved (Geisert et aI., 1998). The adjacent uninjured left optic nerve served as an internal 

control. 

PC12 cells are a single clonal line from a transplantable rat adrenal pheochromocytoma 

(Green and Tischler, 1976). These cells develop a neuronal phenotype in the presence of 
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Figure 23. PC12 cells avoid growing on a section of unlesioned goldfish optic nerve but grow freely on a 

section of regenel'ating goldfish optic nerve. (a), PCI2 cells labeled with mouse anti-Thy I (seen in yellow) 

fail to grow on a section of unlesioned goldfish optic nerve labeled with rabbit anti-TN-R (seen in green). A 

short distance separates the cells from the nerve (arrow heads). (b), PC12 cells labeled with mouse anti-Thy I 

(seen in yellow) grow extensively on a section of regenerating goldfish optic nerve labeled with rabbit anti-TN­

R (seen in green). The change in growth substrate properties after injury in the 3 week-injury goldfish optic 

nerve occurs concomitantly with an increase in TN-R immunoreactivity (compare the staining intensity ofTN-R 

in (a) and (b». Scale bar = 100 flm 

3.5 Homogenous fish TN-R is an inhibitory substrate for goldfish RGCs in 

vitro 

The finding that the regenerating goldfish optic nelve, which in certain regions expressed 

TN-R at levels higher compared to the control nerve, was a growth-supportive substrate for 

mammalian neurons, pointed to the possibility that this putative axon growth-inhibiting 

protein was in fact not functioning as a neurite growth inhibitor in the fish CNS. In order to 

determine the effect of fish TN-R on goldfish CNS axon outgrowth, neurite outgrowth from 

microexplants of goldfish retina on substrates of fish TN-R was studied. This was done using 

two types of substrates, namely a uniform substrate of fish TN-R or patterned substrates, 

creating boundaries of fish TN-R on the coverslips. Moreover, the effect of fish TN-R on 

goldfish RGC outgrowth was compared to the effect of mammalian TN-R, and combinations 
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Figure 24. Neurite outgrowth from goldfish RGC microcxplants is inhibited on homogenous substrates of 

both fish and mammalian TN-R. (a), outgrowth of goldfish RGC neurites on laminin as a sole substrate is 

extensive. (b), outgrowth of goldfish RGC neurites on fish TN-R as a sole substrate is minimal. (c), outgrowth 

of goldfish RGC neurites is improved on a mixed substrate of laminin and fish TN-R. (d), no outgrowth of 

goldfish RGC neurites is observed on mouse TN-R as a sole substrate. (e), outgrowth of goldfish RGC neurites 

improved on a mixed substTate of lamnin and mouse TN-R. Arrow heads denote ends of growing neurites. Scale 

bar = 100/lm 
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Figure 26. Phase contrast images of the OP13 ceUs depict a morphologically heterogenous population of 

cells. (a), OP 13 cells grown in proliferation medium at 33°C are elongated in morphology. (b), OP 13 cells 

grown in proliferation medium at 33°C also display a flattened out morphology, (c), some OP 13 cells grown in 

differentiation medium at 39°C become branched. (d), some OP 13 cells grown in differentiation medium at 

39°C become spindle-shaped. Scale bar in (a) and (b) = J 00 flm, Scale bar in (c) and (d) = 160 flm 

3.6.2 OP13 cells express F3 and NgR 

The migratory potential of OEG after transplantation into an experimental spinal cord injury 

site has been disputed. It has recently been shown that these cells do not migrate to any great 

extent away from their implantation site (Ruitenberg et aI., 2002; Li et aI., 2003; Boyd et aI., 

2004), suggesting that they may be inhibited by molecules present at the lesion site. In order 

to detennine whether these glial cells would be able to respond to TN-R if it were to be 

offered as a substrate, immunocytochemistry was perfonned using antibodies against the 

receptor for TN-R, namely F3. As the spinal cord injury site is likely to contain more than 

one inhibitory protein, the cells were also stained with polyclonal rabbit anti-NgR, the 

receptor for another axon growth inhibitor, namely Nogo-A. OP13 cells were 
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immunopositive for both F3 (Figure 27b) and NgR (Figure 27c). As was the case with the 

OF AP result, the staining of F3 and NgR in the flattened cells was perinuclear, while in the 

spindle-shaped cells, the pattern was more cytoplasmic, particularly in the Nogo-A positive 

elongated cells (Figure 27c, arrowhead). Although it may seem unreasonable to suggest that 

an interaction between the OP13 cells and TN-R or Nogo-A would be possible in light of the 

fact that the receptors to these proteins are not expressed on the surface of the cells, the 

phenomenon of failure to translocate surface receptors to the outer aspect of the plasma 

membrane by cell lines in vitro is well known. 

Figure 27. OP13 cells express glial cell markers and the receptors to TN-R and Nogo-A. (a), polyclonal 

rabbit anti-GFAP antibodies label both flattened (asterisk) and elongated (arrow heads) cells. (b), polyc1onal 

rabbit anti-F3 (24III) sera stains both flattened and elongated cells. (c), polyclonal rabbit anti-NgR antibody 

labels flattened (asterisk) and spindle-shaped (arrow head) cells. Scale bar = 100 I-lm. 
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DRG neurite inhibition on TN-R and Nogo-P4 alone proved that the test proteins were 

functionally inhibitory peptides, and therefore that the adhesion of the OP 13 cells on TN-R, 

and particularly on Nogo-P4 was not as a result of the test proteins not being functionally 

active. It must be mentioned though that Nogo-A has been shown to override the positive 

effect of laminin, and there is therefore still a possibility that the Nogo-P4 peptide is not as 

inhibitory as the complete Nogo-A protein. 

LN 

mouse 
TN-R 

LN + 
mouse 
TN-R 

OP13s after 1 hr OP13s after 24 hrs DRGs after 24 hrs 

Figure 28. TN-R is an anti-adhesive substrate for OP13 cells in a short-term cell adhesion assay. (a), after 

I hr, the majority of the OP 13 cells in view began adhering to the laminin (LN)-coated coverslip. (b), after 24 

hrs, the majority of the OP13 cells in view had adhered to and adopted either a flattened out or spindle-shape 

morphology on the LN-coated coverslip. (c), dorsal root ganglia (DRG) adhered to a LN-coated coverslip and 

extended numerous neurites (arrow heads) after 24 hrs. (d), the majority of the OP 13 cells in view remained 

rounded up on the mouse TN-R-coated coverslip after 1 hr. (e), Non-adherent, rounded up OP 13 cells are still 

observed on the mouse TN-R-coated coverslips after 24 hrs. (f), No DRG neurite outgrowth was observed on 

mouse TN-R-coated coverslips after 24 hrs. (g), after 1 hr, the majority of the OP 13 cells in view remained 

rounded up on coverslips that had been coated with a mixture of LN and mouse TN-R. (h), Non-adherent, OP 13 

cells are still observed on the LN and mouse TN-R-coated coverslips after 24 hrs . (i), DRG adhered to 

coverslips coated with a mixture of LN and mouse TN-R and extended numerous neurites after 24 hrs (arrow 

heads). Scale bar = 100 ~m. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

J: ts 

all l:ompansons 

distribution i I1stanl:Cs 

was not normal sels were lis 

y test (p val Lie > 

Aller I hr, Is onto I 

had adhered to 2Ha), while llIany of 

onto R ). 

the mean 11 e was 

was not 

, when TN 2Xg). 

III ). 

to this suhstrate. A ller I 

hr, many of the had adhercd to 

Is 

was a highly fi call t d i ffercn ee to 

Nogo-P4 I), even 

at this time , Nogo-P4 was y more 

adheSIve Is to let a laminin, was unex 

11 

When cultures were 6 eells a 

appearance ie non-adherent 

Y 

Is adhered 10 the laminin 

laminin 

S, were still but more of 

and 

than to the 

to 

and a of 

I 
., ., 

III). Although 

were 

to 

as 

y more 

6 

y 



Univ
ers

ity
 of

 C
ap

e T
ow

n

ad 

3: Results 

VC, there was once 

n s 

combining 

the 

66 

a s1 stically 

adhered to alone, laminin 

increase 

ns alone (Appcnxix II 

the OP13 

12 

() hI's 

( not 

r maximum at this time point, 

to 

the numhcrs 

was no Slglll 

com 

At the 

adherent 

closely 

). 

this mammalian 

of I nm 

adherence or 

assay is the 

of 

to This is 

compared to another 

a 

x Ill). As seen at both 

(p va to 

13 a number 11011-

S 

111 some cases lneLln 

to a substrate combination and 

more OP 13 cells 

a xture TN 

cell 

R 

(Appendix 

11 

to laminin, 

as a 

most intriguing 

IS an anti-adhesive 

ilion, it 

with 

adhesioll 

Nogo-P4. At all 

ppendix III). was a surprising finding as N IS a 

the most potent axon 

case 

As was 

any 

case a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 3: Results 67 

laminin with Nogo-P4 did not significantly increase the number of cells that attach compared 

to Nogo-P4 alone (Appendix III). This was also a surprising observation as one might expect 

that the adhesive effects of both Nogo-P4 and laminin would be additive and therefore that 

even more cells would adhere to a combination of these substrates than to either of them 

alone. This lack of synergistic effect may indicate some sort of laminin interference with 

Nogo-P4-mediated adherence, as the presence of laminin has been shown to alter the 

attractive properties of other proteins, such as netrin, which becomes repulsive substrate in 

combination with laminin in mammals (Hopker et aI., 1999). 

Nogo­
P4 

LN + 
Nogo­

P4 

OP 13s after 1 hr OP13s after 24 hrs DRGs after 24 hrs 

Figure 29. Nogo-P4 is an adhesive substrate for OP13 ceUs in a short-term celJ adhesion assay. (a), after J 

hr, the majority of the OPI3 cells in view adhered to a laminin (LN)-coated coverslip. (b), after 24 hrs, the 

majority of the OPI3 cells in view had adhered to and adopted either a flattened out or spindle-shape 

morphology on the LN-coated coverslip. (c), dorsal root ganaglia (DRO) adhered to a LN-coated coverslip and 

extended numerous neurites (arrow heads) after 24 MS. (d), the majority of the OP13 cells in view began 

adhering to the Nogo-P4-coated coverslip after I hr, although some non-adherent cells were visible. (e), the 

majority of the OPI3 cells in view had adhered to and adopted either a flattened out or spindle-shape 

morphology on the Nogo-P4-coated coverslip after 24 hrs, and their morphologies were more elaborate than 

those on LN-coated coverslips at the same time point in (b). (0, No DRO neurite was observed on Nogo-P4-

coated coverslips after 24 hrs. (g), after I lu·, the majority of the OP 13 cells in view remained rounded up on 
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processing (Figure 31 a) which could then be "superimposed" onto the stripe image (Figure 

3Ib). On the TN-R stripe-coated ccverslips, the OP]3 cells adopted a particular orientation: 

they grew in relatively straight rows that corresponded to the PLL stripes. The OP13s also 

made a substrate cboice by adhering to PLL-coated zig-zag lanes and avoiding the TN-R­

coated zig-zag lanes (Figure 31 c). This repellent or substrate cboice effect of a sharp border 

of mammalian TN-R suggests that if these cells were to be implanted at a site where TN-R is 

present in the form of a boundary, then the cells would be inhibited from migrating away 

from the site of injection, as is seen in vivo (pesheva et a!., 1991, 1993; Taylor et aI., 1993). 

Figure 31. OP13 cells avoid a sharp border substrate of mouse TN-R. (a), phase-contrast image of OPl3 

cells growing on a straight stripe pattern of purified mammalian TN-R shows that the OP 13 cells avoid the sharp 

border ofTN-R. (b), rabbit polyclonal anti-TN-R antibodies stain a straight stripe pattern of purified mammalian 

TN-R. (c), phase-coDtrast image of OP 13 cells growing on a zig-zag stripe paltern of purified mammalian TN-R 

shows that the OPl3 cells avoid the sharp border ofTN-R. (d), rabbit polyclonal anti-TN-R antibodies stain a 

zig-zag stripe pattern of purified mammalian TN-R. Scale bar ~ lOO fLm 
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32. is an adhesive substrate for Schwann cells in a short-term ceU adhesion assay. 

Schwann cells 

to the 

a 

flattened-out fihroblasts that arc 

(b), Schwann cells 

Schwann cells 

substrate border of laminin and 

with rabbit another 
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eta1.,19K7), 

Is to the 

heen 

nerve 

of 

hIe 

or nerve were 

direct contact 

III 

(ITvlew hy 

In goldfish model of 

ture dish. It that 

neurons and the nerve 

ect a 

as 

mammalian sciatic nerve, 

y 

the 

proposed that the altered structure 

Iy axon 

ng substrate 

nerve 

Is 

Is which 

mately rernyelinate axons (Wolhurg et aI., 

an optic nerve 01 no 01' 
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Chapter 4: on 

secrete such as -I, 

axon a COml11011 purllle 

about ve pathway ( 

isolated li'om 110rmal or optic nerves, fish oligodendrocytcs in 

the 

the 

ul1tigen 

r 

in vivo 

et 

1995). The I(:)re mentioned 

this 

outweighed 

cllvi ["ollment. 

data) 

nervc was 

contacts 

) . 

the 

the upregulat 

the 

t he gold II sh 

that 

nerve 1 llJ ury al so 

growth-su pporti ve 

of 

also account 

do 110t seem 

goldfish optic nerve IS a 

also previously 

ier study in 

elimination or neutrali on of axon growth i 

one pUlali vc axon TN-R, was 

Ive 

accollnt fiJr the 

Iy I on 

oj 11 their mature 11l0lV1101ogy 

properties of goldfish 

hy 

111 

ve 

(l 

( 1 

Is on 

Is, 

IS 

etal.. 

ve 

ct 111., 

an 

optic nerve to 

CNS axons as 

nerve, 11'1 

profIle. Not 

at 

Ih 

ury 

S 

do the 
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gold!' 

scct 

i Illli hi tory 

to 

l:lkcn illin 

arc 

arti 

Ill! 

iOIl and arc t 

llnlesioncd optic axon 

011 lilc goldfish nerve hut grow 011 

are known 10 

tcs (Carbonetto s 

fish neurons allow t 

ratc ian rwurons. It 

intact fish or rat an 

axons would their 

Ii 

and 

ct al.. 

43 

J ( ct a1.. 19'>5), 

ctal.,1991), nctrin-\ ( et <II 

lallon of 

protein kinase C, 

regcl 

that thcy displ 

may 

lish nor 

et aI., 1(90). In addition, functional 

not seem to 

inhihition a 

growt h-promoting 

to axon growth-in 

hi 

I1lcnts 

neurons IS 

c pi 

by 

occurs III 

a possible 

)c)9R). On 

2001 ). 

is cancelled out the 

of fish 

axon 

of TN-R in the 

as 

's causc 

eNS 
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( on 

ronmenl. This Ii not 

as Ian homologue. M 

unilcJrln of fish TN-I{ as it 

did not !leun outgrowth, 'I 

inhihitory on go] neurons or (ii) a 

is I case 

may be iuled ct 

true ill vil'O si 

S neurons thaI 

sall1e 

()4 

hi 

grown on a 

malllmal ian 

to (i) an 

d()cs 

not ex ist 

Holevinski ct aI., and 

a LIlli 

that Ihe 

ser ct ai., 19(4). When laminin 

of axon growth-inh tors in j'h'u, 

malTll11alian 

11 

111 

ns 

it has 

as 

to also 

rcported 

111, can override ll1e 

IIig 

e1c:vated III fish nerve after injury (hml-Hoj nski ct aL 

ns ct al., 19X5: el ai., I it is likely 

inhibitory 

axons hillds to hoth 

hi 

Ian 

ncurons, even when 

aI., I 

ian TN 

in vivo IS not inhibited 

axons also contact areas 

et aI., 19(2), competitive playa 

for 111\11 sIan! of 

a direct axons the inhi 

di y neurons to IlUllll1l1al ian 

Ic)r S 

such as iaminin ( et 

. are nol inlli of 

on i list as do Oil 
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( 4: 

of Jan . nerve. This I ion el1cc to notion 

that eNS neurons arc more lIla ITlITl <l I ian 

or mamnwli;m TN-R 011 

III other also It 

axolls arc not ahle to cxplants 011 a 

, even in the axol1s 

arc 

to 

es m neuron y to 

Gxist. 

ill vitro of TN-R on was by 

of fish' 

or 1ish TN-I<. two 

et al., 19(0). v ~ , 

dcspi 

ret 

previous I y ct a I. ( I 9(9) 

adult axons arc not to ernss a sharp R in the 

TN--R mhihits the salamander axolls. 

s 

adult R to test 

axons, which a axons would 

or ively. 

differential on 

versus IS it can that nor 

main 111111 as a neurite growth but only tan 

adually repels axolls at the ease of a Ul1ittllln, homogenous 

of fish 

to 

of the h cone or axon shutt ct 

to cone col 111 ease of a 
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Chapter 

certain urea of 

bi to it 

11 has 

made, 

1'01 

Is 

suggested that 

eNS trauma, 

(review 

dall1agcd axol1s at t 

-R 

/',ebrnri 

a 

a gl ial scar al 

aXOlls 

was a repel 

ct aI., 2003). In 

and 

aXOIlS, as well as filfaxolls that 

may 

R, 

cells with 

mammalian C 

tracts 

y a 

receptors 

or III 

cues (review 

i I 

but become uprcgul 

an 

mammalian 

ng 

of 

or tectal 

were 

larvae in vivo was 

), This 

axons during 

R the 

nerve I 

continuously 

111 adult 

et aI., 20(J4). In 110t H. was 

optic tectum, 

inhi 

substrate or mammalian 

d an 

were cOllfhlllted 

on 

sensitivity ttl boul\daries 

fish 

ng 

a lin 

mammalian 

on 

p 

Ian 

In 

111 closely related 

fl lid' 

of 

S neurons 

to boundaries 
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or lish of <I boundary mammalian 

mammalian neurons et a!., )99J, I 

y 

). 

leI' axons arc not 

able to cross a sharp 

hit et at., 19(9). 

axons il1 vitro. ian TN-R on 

as 011 e1 al., 

mammal TN IS a more potent mh tor than fish "I when offered as a 

c 13 Bne n linc 

dinicult due to 

mainly 

fie G and 
NIFR polysialie acid NCAM 

cult urcs 

this lIlay 

d aI., I 

I popul displ 

). 1n addition, 

( 1 

phenotype: (I) 

type), and 

yet, 110 speel 

passagll1g as 

III 

raised 

was 

ial 
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o s were immunopositive the gl ial cel 

,-0, I 

are all 

ollly glial nerve fiber h:lyer and 01 

ng mto account 

I type arc present this 

illd 

results 

p75N11R mRNA 
NTFR p75 The 

cells do not 

Hi 
NTFR p75 

cel [ is t(mnd in 

lllle was 

to stain 

NIFR m 

NTIR ' at a protem 

, Schwann cells, which are known to y 

shaped cell s 

antihodies will 

y prCSSlOll 

In 

s 

98 

tic G 

alld 

arc 

hulb hut d 

is a cOlllmonly accepted 

y 

a greater 

as 

just 

ve for 

y. 

ndle-

The only 

duc to 

that can be IS the I line is a glial cell I and that 

arc I 

o staining in lhe 

close 

S was, however, cytopl 

(ypi 

( olfactoryaxons 

Vi/cre 

ti or olll.lclury bulb 

ad 

'ndle-shaped 

librils is more 

not 

two 

in l'Z1'O IS 1Iot 

are 

the olfactory um s 
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c 4: 

Further <lIltigenic 

As one 

mammalian TN-R on 

oflhc 

of the 

able III respond 10 a 

13 cell line invol determining 

was to the ve 

was to show 

99 

of 

13 

110 

expression was also as Nogo-A is 

axon 

what was seen with 

was 

Wl 

(I< 

lular, most arc 

contact with their I 

c1 aL J9(9). 

!lumber cell adhesioll 

recent 

sites (Hullt ct al., 

cells it was 

to onl y neurnns, 

by at least one 

Ie to asslIme li1ul 01 

lip until now, not 

N ncurons 

olher with which neurons inleract. 

an h Is 

al of Is in l11e S. 

vertebrates to human) 

In 

ct a l., 19(7) and 

d al., 1(89) 

TN-R IS a potential 

glia. ve 

). milady to 

NgR 

the 

Although many 

can comc 

; Sluermer et 

111 

y 

a 1St) 

a 

A 

Y OEG. 

d aI., 

or lamillin 

it was 

vc of 
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( 

hoth 

demyC\i 

kn()wl1 to 

migratory of these 

'] results JI'om the 

homogenolls TN-R (I 

et aL, 200(l). 

resulls sllOwed that the 

or 

10 

Is 

1':1 ollly becomes tnmslocated to 

contact 

Hl context of eell 

I (l III 

(l111-111eo' 

IS 

100 

eNS 

as multiple sclerosis, Illultiple sites 

through the 3-D microcl1vironment or the 

it is ill din.'cl contact 

IS 

llS, this 

limited hy the of such inhibi 

shown 

). The neuronal 

after 24 

Is 

nOll-neuronal cell s, 

a un i jilfll1 of 

10 a unif()Jln substrate 

by human 

ry 

. In oj' the 

the cells were none less 

interaction had 

Y 

Sll 

. It is possible that 

shown to 

dependenoent on the the neuron ( I). It is also 

neurons. 

Is do not 

OPIJ Is 011 a lIni t<mn 

at a 

It 

the cells 

however, not be 

ve interact iOll IS 

to or 

if this 

out on a 

et aI., 

to adhere to 

111 some cases 

m 

10 

atl of 

anti-adhesivc 

lesion 

distances as 
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eha 

di l'fuslble I c j~lct ors and Ms 

microenvironment eould 

di 

the m 

lillal 

it was not 

()f the 

between the numbers 

(I 

Iy 

nol increase the number 

to 

IS 

secrete into r I 

in that area. 

12 was a 

to a uniform 

nin mixed 

mean nu 

ve c, 

111 combinatlO11 WI 

til 

101 

CNS 

Ily 

of 

. At 

it 

I.h 

to 

CNS neurons, et a\., 19~N), 

heha cells on laminin substrates In 

R can only 

cl ai., I l)9H). 

gilal cells, the or h.tminin have also 

IS even Illore 

potent I J cells, combini laminin with 

not ia to el I'NH). 

'I nature or TN-R as both an adhesive and on, 

q 1I ite 

on 

It! are 

vJa 

products, they arc, none the less bifunctional eells whieh may exert 

(Angelov et aI., 

19<)x)' It IS 111 contrast to FN III 

TN-R actual promote the adhesion and migration 

al., 

OPI 

laminin attenuates the 

n is an E( 

coating covcrsli allows 

that distinct 

on 

ECiFL repeats 

13 cells Oil 

to hi to u 

on 

to why the 

. Considering 

the TN-R 

) . 

and 

d 

a 
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( 

the "ng the to to , or another 

II 

IS 

to cell adhesion and 

axon with and function 

Probstmeier et a!., 2000a). If ng 

neurons, which do not hIe 

of 

10 TN-H.. As 0 

nol axon growth-i 

yes. 

N 

I i 

a of 13 Is adhered to a 

Nogo-P4 compared to point (p <: 0.00 I). 'T'his was an intriguing finding as 

most potent 

in recent 

netcau c1 al., 

or et al., 

20m) axon regeneration in \'ilro ill vi l'O , as well as 

mICe 

or nol al all cl 

-NIFR aI., 2003, p7) : ct aI., 2004). di but 

lity that n not 
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4: 

inhibitory 

bovine 

as IS a 

At two possihle 

on 

fl"Ol11 the 

add 

su 

cl ng 

non··ncllronal 

(Nic ct a1., 

(l­

ex peri mcnts 

10 be 

ination, has led 

intcmcl with a 

a 

20(3). neuronal expression of 

11 

II1SU to axon 

the 

ain thc 

y, however, it 

myelination ( ct al., 2003). 

103 

rat and 

of 13 Is 

13 

hanlster 

IS 

immunocytochcmistry 

an 

y shown 

el aL, 

In 

ct aI., 

have such an 

N 

n their potential to 

(0' II ct aI., 2(04). 

and the known 

13 attachmcnt on a 

fetal 

pate 

y 

this 

(Nie ct aI., 

IS 

IS 
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104 

di ill the brain, lon, at all 

ct aI., of rats and 

mRNA IS udes 

gang] nucleus, d 

et aI., 200 I). 

There IS a to that an 111 

01 

A and postnatal et aI., lO(5). 

accumulates in growth cOile the axon and at 

d aI., s aggregation Nogo-A ill the 

sholi -

term 

[n the 

ct aI., I' , 

on a number substrates was compured. 

Is 

as 

a or Nogo-P4 as a udhered equally 

ion or Imninin 

than or a eli clue 
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4: Di scussion 

elongated 

or 

menl would 

The result or 

regul 

lllice 

com 

axolls to 

arc not 

target. in some way 

aXOllS d carly 

or the stri 

of 

downreguiated In 

PNS neurons as 

liltes 

III 

the SChWHJlll 

cells were to 

Is to el 

to 

allude to a possible 

inary lilldi 

neurons In 

ct 

Is (Pot ct a!., 

neurons lirsl 

towards or once 

of the laillinin-seercti Is 

at 
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): Conel 

5: 

There is considerable 

aXOlls, 

It 

contrast 

lity in Ihe 

wccn 

axons do not 

as tish, and reptiles 

with 

motor neuron 

vc di nervous 

axons 

SOI11C neurons arc 

role played hy 

lu 

tracts in the 

d 

I as in 

VI 

set out to 

as III 

of 

findings 

the 

laminin may not be 

axon outgrowth in [n addition, as 

In 

its 

the goldfish 

m 

gold 

mamma 

net 

crushed nerve that may invade 

[l 

can occur. 

does not seem to exert an i 

of 

to playa role 

by 

Illture 

bet ween gold ii 

Na+ 

of 

optic nerve as 

Ilerve 

as newly added 

axons were seen 



Univ
ers

ity
 of

 C
ap

e T
ow

n

rheir 

lesion 

5: 

course ofaxoll 

COllnect I ve 

In 

alhum 

ICS serve as a 

of TN-R immunoreacti 

in the goldfish 

tcctallayer 

neurons 111 

COnCOlTIl 

IS 

this pathway does not inhihit 

rest to I deep 

unksioned animals and d 

'I 

, exerts an inll 

offered as a 

it can 

optic nerve 

R. In the 

neurons lose their 

Multiple 

the neural mtrinsic 

the 

of 

to laminin as tlley 

107 

zone. III the 

to 

alllma the 

nerve to 

so soon IIlJ 

to 

travel before tinally 

stratum as 

s 

are 

aXOll 

of 

but may act in concert 

pattern contrasts til 

LIS, 

optic 

IS 

III 

was not an 

isolated lish 

one. 

of whcn it is 

with that 

and lalllillin throughout 

axons are able to 

axon 

ult Ii 

into account. 

axons axons arc able to IIlJury 
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Chapter 5: Conclusion lOX 

a 

one 

models 

mammalian 

TI\l-R 

mammalian' 

The i 

axons poorly. Cyclic . nc monophospliate (cA may act as 

'''''"P'"f-'f1 axons can 

success of goldfish 

P is likely to 

of lar 

axons were 

(PLL), being channelled onto 

y 

TN-R docs not neunte 

repclls 

is not 

ve treatments as 

and MP 

su 

a 

to axon 

proven 

fi 

neur! tes 

lent 

horder of 

to lhe migration of gl ial implicatIons l()r therapies involving 

In vitro cell adhesion assays 

evcll III laminin. However, 

was compared to adhesion on a 

<tied axon 

prompted 

in tile 

mg Is 

Is. 

vc for a novel 

TN-R 

Is were ohserved 

lille on a 

lienee 

was a 

result 

neurons 

a rectional cue 

then come and mydinate axons of 
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5: USJOIl 

In LIS ion thCIl, 

similar to 

111 

to 

into 

a potentially 

to 

11 is evident ii'om 

conti 

breakthrough ill 

with 

Ie Ii IS 

axon 

ve axon 

fi 

III 

trcatment 

as a c 

ial 

axon 

as 

fish IS 

cells and 

a 

hope to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A lees 

ix I: and er 

1 15 ne 

1. 

2. Adjust 

3. 

5. 

6. 

g 

10 pH 7.4 

to 110 

i 11 900 

through O.22~1 ill i Ii 

two 1111 hI 

2 am F12 um 

l. and 1.1 X g N 

2. list [0 7.4 

3. ust to 1 L. 

Fi fi 1 ter 

5. Al into two 500 Ie glass 

(l. 

3 E ) 

1. ve 13.53 g (Highvcld 13iological) 3.7 g N 

in 900 dclH 20 

2. to 

3. Adjust to 1 L 

4. IlM Ii 

5. iquo[ two glass 

110 
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6, at 

4 serum ( 

I. Thaw 

2. Heat at for ITl to 

3. ( to 

4. Store ill 

5 

was 111 rnanner and 

g me ; 01 

2. 

3, AI 21111 PI""',","'" 

at -20°(' 

5, lute 1:]00 

6 ervc 

I. 

7 

l. 

A 

concentration of2 

nerve 1~lClor 

a 0.1 

1 rnl In 

in 100 m I 

lIt 

of al 

to 

10 I ml tissue lure 

Anal 
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2. at 

J. Dilute 1: IO()O f{)r usc 

8 Insul 

IUlcl:IOO 

9 

I. 

stcril 

3. Aliquot into 

at 

.5. 

I. 

2. l 5 

I. 

2. Jut c 1: I 00 

10 ( 

's FI2 III 

('eta I 

mdhyl 

a 

use 

11111 (Sigma) and 109 in IL 

~l 

of1 use 

a tlnal conccntratioll of ).lg/ml f()r 

flg/ml stock fix a 

f{)f a 

of 

of 

or 

, H Biological) 

treatment 

flg/ml 

treatment 

112 
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ces I] 3 

2 (Mcrk) 

1 

I. Cells were incubated 111 an Auto incubator u Airc 

USA) at 111 a 

2. Cll was a I: 1 rn LIS 's F12 

n 

m 

and 

II 

nCOJl11tc 

DM stock 

II 

11.1 

g.OO g 

N M, g 

g 

K (1.47 M AnaJaR) 0.02 g 

1. XOO ml d 

2. 107.4 

3. to IL 
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Autoclave in 

1 1.2 

Dissolve g 

ng 

11.3 

I. Dissolve 

2. 

J J.4 ') 

I. 

2. 

smg 

4. Store at 

11.5 

l. 

at RT 

2. Add I 

RT 

g 

1111 bott 1 es 

ne serum n 

to an nerve 

111 100 

p ii into 

(po]yvinyla 

1. Centrifuge 15 min at 4000 m 

5. iquot 

6. Add a of 

mowiol to lice 

at overnight to 

es 

vortex 

114 

v 111 100 ml P lISC as a 

a when 

01'0.1 terminallv 

IOm1 

to 

ses (PTY) L J6 at 

tu 

10 the 

added, incubate tbe 

use so as not to aspirate 
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Appendices 

II: 

I. Wash slides (l 

wakr 10 min 

2. Rinse sl 

J. 

1000, 

3 min 

ical 

res 

scs, 

111 3-aminopropyltriethoxy-si lane 

2 

2 min 

overnight 

(PlY) L i()r ~ 

12 ncu 

and) i 11 tap 

A n 

in acetone 

the 

( MaricnfelJ, in nit acid for 30 

2. 

3. 

.5 

R 

7. 

X. 

9. 

* in some 

3 

1. 

mll1 

H:OI1 

10 x 15 111 in in 

(5 or 10 

in P 

unlil LIse later 

were 

13 

JO min at 

with 

hnil x 111m square 

IOxl5 n ddl 

3. Autoclave silicon matrixes and covcrslips 

11 ~ 
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5. 

di 

was then 

in 

12 

wen: COil tum was to 

the Is took on a mature neuronal phenotype 

minutes until up ). 

a few 1111 DM media 
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7. 

X. The was 

9. cclls were I 

Ip 

placed on 

]0. 

5 u 

OPI3 cells were 

I <lhoralory, and 

s 

6 

7 

count. 

117 

Lo a J Oml falcon containing EM ia contai 

a 1 counL was uSlIlg a 

(1 x lOS 

c nerve. An 

the underlying 

<It 

by a technical 

times bef{)rc being 

m OPI] 

13 cells 

dish in 

was ls 

Is were 

d camera 

to 

onto the 

was 

a 

Il1 Jj S 

to 

and w 

were counted manually. 

as a I 

were not 

along 
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11 R 

I: d 

1 3 

~~~E:~ENT 
TIME SUBSTRATE 

,~~~~~< 

Larninin TN-R Larninin/TN-R Nogo~P4 
Lam~~l~~Nog 

!~~<~~_ ''''" ""'Hl 1 1 hr dish 1 28 21 14 68 12 

dish 2 5 3 6 61 
,-~-.-. 

dish 3 8 4 5 77 5 

dish 4 10 0 10 37 9 

dish 5 23 20 10 32 15 

dish 6 18 1 32 33 11 

dish 7 8 6 42 33 18 

dish 8 28 0 8 87 2 
-~ 

MEAN 16 6<875 15875 535 1 0~375 

Experll"t;l1t2 dish 1 21 12 37 29 10 

~-.~ 

dish 2 13 24 32 .~~_~~}'(L f---~-. < 13 

dish 3 11 39 24 26 9 

dish 4 26 14 17 21 14 .--... -~- ~<~--.~ 

MEAN 17-75 

~.=~: 
27.5 25<5 11.5 

EAI1<;lI,m:1 3 dish " 21 20 25 8 
--~-

dish 2 15 -=;f 5 36 18 
----~.--,--~----.-. 

~<- ~ ~<~~. ~~. < dish 3 8 32 25 17 

dish 4 16 15 17 12 ,-
MEAN 15 25<5 18 25<75 13<75 .. <-< 
STD DEV 7.635171 12.07132 12~31107 21 <35406 II 114???? . 

Exp",,,,, "'"'' 1 6hrs dish 1 21 16 14 72 
.'~-"~~-

dish 2 28 13 27 35 45 
-, .. 

85 17 18 54 38 

37 4 30 28 15 

dish 5 28 18 42 16 

dish 6 52 26 ~- 54 8 .. -~--.-~~< 
dish 7 45 6 53 28 26 

dish 8 :i2 0 21 67 :36 _ .. 

MEAN 41 14.28571 2525 47.5 26<75 

Exp""" "<;1 2 dish 1 44 28 35 50 23 

dish 2 37 34 35 31 27 
~--<~ 

~. 

I dish ~j 52 28 12 42 32 

dish 4 35 :-19 17 33 35 -<-

-~~~< 

MEAN 42 I 32<25 24.75 39 2jf Exp"" 1I1I!::"l 3 dish 1 14 33 30 38 

I dish 2 20 31 21 36 

diSh 3 17 32 32 24 22 

dish 4 30 37 4', 21 23 



Univ
ers

ity
 of

 C
ap

e T
ow

n

119 

2 

was the 

1 Ilr, ~C. 4 F('] and 



Univ
ers

ity
 of

 C
ap

e T
ow

n

ON 

of 

(influence 

Within 

(other Iluduations) 

F 12.941 

n 

( I ) 1 14 

(2 ) J 14 

(3) 3 14 

(4) 4 14 

:-; 14 

time 

and 'TN-R, 4·c- and Nogo-P4 

is VARI 

R 

F, 

.51 4 21 

19749A42() 

test 

mean nr 

(4) 

13 14 (4) 

J 8.71 

11.0714 



Univ
ers

ity
 of

 C
ap

e T
ow

n

ces 121 

ANA IS 

rcc F. ean 

15 4 1228.9071 

groups 

J1 11 

'rota] .7714 

: P ccc 0.000 

lest all sons 

n mean nr 

( 1 ) I 14 

2 14 (l 

(3) 3 14 .1429 (1 

4 14 43.5714 

:::; 14 ( I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

f: LYS OF 

12 

uares D .. 

(i n n lienee iactor) 5049. 4 

thin 

143 

211 14 

5 

: P 

test all se sons 

n mean 111" 

(1) I 14 31. (4) 

2 14 7 (4) 

(3) 3 14 19.71 (4) 

(4) 4 14 (1 )(2)(3 )(5) 

) ') 14 14 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendices 

ON 

COLI 

R 

llucnce t~lCtor) 

(other 

OF R 

n.F. 

4 1348.4071 

7 

14 69 

level: P = 0.000 

n 

( I ) I 14 

2 14 

(3) :1 14 

4 14 

(5) 5 14 

test all 

mean 

(l 

D.3 (1)(4)(5) 

(1)(2 )( 

(3 )(4) 

sons 

nr 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

90 

80 

(0 

flO 
(j) 
I- 50 z 
::J 
0 40 : 
u 

30 

20 

10 

[) 

120 

100 

eo 
[j) 
I-
Z 

6(J ::J 
0 
U 

40 

LO 

0 

Box-and-whisker Mean ± 2 SEM 

f'C2 

Box-and-whisker Mean ± 2 SEM 

2 :1 

FC3 

4 5 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ices 

Boxand~wt1lskef Mean 

" 

10 

0 ......... _________________ --' 



Univ
ers

ity
 of

 C
ap

e T
ow

n

H erenccs 

vcs on 

C 
:1 

central 

126 

lar 

axon 

domain 

localization 

Ian 

gl 

treatment of 



Univ
ers

ity
 of

 C
ap

e T
ow

n

J 60/1 RO) In lhc retina 

R inhibits 
111 

axons 



Univ
ers

ity
 of

 C
ap

e T
ow

n

J(I 

12X 

. -R as a 

optic axons in adult 

in 
neurons 

Em J 

44,000- to 

to 111 adu It Exp 



Univ
ers

ity
 of

 C
ap

e T
ow

n

(l ). of sodi lim 

Nogo-A is a 
antibody 1. Nature 

( I 
immunoglohulin 

of nerve 

ell neural 

into 

ure on 

J 

rate 
115' 

ular 

nels: 

F 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 ). 111 Jail nerve. 

root 
ganglion neurons; 

P (1 to 

el nervous 

or 
scar the 

gl cells nerve tiber lb. 

on axonal la 

cranial nerve. J 

layer ()C bulb: 

01 



Univ
ers

ity
 of

 C
ap

e T
ow

n
] 14. 

6. 

.J (I 1). 
immunohistochemical 

and 

!31 

la 1I1 

o i' the nerve 

s of shi terminals 

of laminin" JV 

111 

nervous . Brain 

and 
a eomrl1on Ii 

I like 

ecular periphera1 nerve 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.1 In axon 

to 
I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

14. 

H 
651: I 

). Functions T polyomavirus. 1111 Ada. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

modulate 

neurite 

C 
III 

134 

Jan 

Ion In 



Univ
ers

ity
 of

 C
ap

e T
ow

n

148. 

culture of 

of 

J I gl 
family. Nature 31 (): I 

135 

of 

1 s in vitro and 

Y, tract hy 
01'01 

rat <ixons 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A 
epithelial 

() 

J 3 
A(l 

eli 
11. 

(I 

hippocampal neurons is 
ia2:177-1XX. 

\I, 
as a 

11 IS 

L 

1s 

III 

J 

of 

cultured 

cells 

Ion of 

n 

1 ). 



Univ
ers

ity
 of

 C
ap

e T
ow

n

137 

(I 

of 

13:);;13·-20 



Univ
ers

ity
 of

 C
ap

e T
ow

n

p 

memhranes: 

J I -I (1() J 1- 1 
I77R. 

A 
io axonal 

of 

Ion to 

arc 01 

III 

myelin 

1\ T. 
Impmrs axonal 



Univ
ers

ity
 of

 C
ap

e T
ow

n

R 

between motor tracts in 
A ()~ 

(1 
vOll1crnasal axons 10 

ncurogl' 
cClltral neurons. N 

(J 
root axons IS promotcd by 

I, 

glia. Neuron 5, 

J 3: 1-1 O. 

Involvement 
interacliol1s 

U(l 

IS 

by 



Univ
ers

ity
 of

 C
ap

e T
ow

n

crenccs 

for 
igomannoside) recognition in 

Ii IN 37:659-671 

140 

Transient up-regulat the 
I of orderly 

regenerated 
a comparison 



Univ
ers

ity
 of

 C
ap

e T
ow

n

141 

L(J 11 tuents the 

N 
nal ganglion cells to 

- (] to 

hitors fish 

to ury in rat 

h Is 

sulp\1(]tc (( 



Univ
ers

ity
 of

 C
ap

e T
ow

n

cAM in tlll1ling of 

110t 

(l 
J Bio] 

es 111 nervous 

the 

axons contact a 
NeuroJ 

of order in the es 

Oil 

cone behaviour in vitro . .I Neurosci 

of 

(1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

IS 

Ion Is ill 

with the 

gl 

A 

of 



Univ
ers

ity
 of

 C
ap

e T
ow

nand 




