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,, * " "Abstract 

The effects of optic fiber axotomy on cell birth in the retina of the ^ 

goldfish are examined with trltiated thymidine (3R-TdK) autoradiography.. 

Two types of cells within two nuclear laminae are selectively influenced 

following optic nerve crush: non-neuronal cells .in the ganglion 

cell/optic fiber layer (GC/OFL) and rod receptor precursors in the oute'r™ 

'J nuclear layer (ONE). In the GC/OFL, the time course of the changes in 

cell proliferation as a function of days following axotomy shows an 

0 

initial increase followed by a gradual decrease when examined 1 day 

following JH-TdR injection.- One .month following injection, , no > " 
f 

consistent change is seen at the various post-operative periods. In the 

ONL, axotom^ modulates the numbers of labelled rod precursors when 

examined 1 day following JH,-TdR injection. The time course of these 
0 ' 

changes appears biphasic: there is an initial increase, followed "by a '• 

" " I 
decrease of labelled cells in th-e axotomized ONL. • One month following 

injection*, consistently fewer labelled cells are seen in the- axotomized 

ONL, suggesting that a„ fraction of these initially labelled cells have 

undergone further mitotic divisions, diluting the label.." The'propprtion 

ot those cells Initially incorporating %-TdR that axe destined to ! 

undergo further cell generation cycles is modulated by axotomy. 

\ ' 
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1 
I . GENERAL INTRODUCTION 

THE QUESTION* ' , • 
e 

The retinae of vertebrates grow by cell addition. In mammalian^and 

avian- systems, cell birth is complete by the time the eye begins ^ to 

-function" (Fujita & Horli, 19-63; Sidman, 1961). In fish and amphibians, 

on the other hand, histogenesis in tne eye continues throughout life 

(Hollyfierd, 1968; Johns, 1977; Meyer, 1978). Adult teleosts and 

amphibians also retain the unique capacity to .regenerate damaged central 

nervous system tissue. Specifically, if optic fibers, are surgically 

disconnected, the retinal ganglion cells regrow new axons that then 

reform functional connections with thelK target, the optic tectum. 

In this thesi's I examine whether the axotomy of optic nerve fibers 

would influence the numbers and types of cell's being born in the retina 
S3 

of the goldfish. 

* * 

HISTOGENESIS IN THE NORMAL RETINA 
f 

Muller (1952) studied histogenesis in the retina of the gtippy, 

LeblsteB reticulatus, by guantifying the total number of neurons born 

- from hatching (7 mm body length) through adulthood (28 mm body length). 

During this j^P/th period, he found a sevens-fold Increase in the number 
t 

of rods and a three-fold increase in cone', inner nuclear layer, and 

ganglion cell populations. As the retina enlarges the densities of- most* 

t cells decrease, with the exception of rod photoreceptors, which maLntaJn 

a constant density (Johns, 1977; p Johns & Easter, 1977; Lyall, 19*37; 

Muller, 1952). Subsequent Investigations on histogenesis in the^ retina 

have focused on the orderMn which specific cell types are born and tht» 

topographical course of cell production. 

1" 
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o 

Autoradiographic (Hollyfield, 19?2; Sharma & Ungar, 1980),' light 

microscopic, and electron microscopic studies' (Grun, 1975) have extended 

and ^refined the original observations of Muller. It has. now been 

clearly demonstrated, that fetinal maturation proceeds in a 

vitreo-sclerad direction,,3fhat is, within a given topographical location 

in the retina, those cells nearest- the vitreous humor are produced first, 
Jv It 

and those farthest away mature last. Triti*£ed thymidine 

„ autoradiography- has been used to study the order of production of 

retinal cells in the killifish (Hollyfield, 1972) and goldfish (Sharma^ 

and Ungar,'1980), Using this technique; it was, found that ganglion 

cells are the first cells to cease ralto'sis in the fundus, of the.Retina, '> 

Grun (1975) "supported the autoradiographic evidence With ' electron • 

microscopy by demonstrating that the ganglion ce,lls in a etch!id firth " 

are the frirst to contain endoplasmic reticulum and the first, to produce 

neurites, As ̂  the germinal front progresses, other cells in ci»nlr\tl " 

retina cease DNA synthesis. Amacrine ctells become post-mi totle before \ 

othe^cells of the inner nuclear layer (INL) (Hollyfield, 1972). Sharma 

and Ungar (1980) could not differentiate between the end of amacrine and 

bipolar cell production and concluded that both stop ccl1 division 

concurrently. Horizontal and receptor cells are the last to b<* produced 

(Grun, 1975; Hollyfield, 1972; Sharma & Ungar, 1980). 

'In ad,dl«ton to the general agreement # as to the order in which 

retinal cell types of the laminae are produced, there is also agreement 

as to the overall topographical course of events Involved in rftlhnl 

histogenesis. Autoradiographic evidence (Johns, 197/, 1982; Mi»y«*r, » 

1978; Sandy & Blaxter,, 1980; * Sharma & linger, 1980.) and ell count 
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studies (Lyall, 1957; Johns-& Easter, 1977) have shown that retinal 

growth in fish occurs by the accretion olf newly formed cells at the 

margin of the retina. This annulus of germinal cells, which has 
r 

alternatively been termed the ora serrata, ora terminalis, basal cell 

zone, or ciliary margin, continues to proliferate throughout the life of 

the fish to produce all .types of new retinal cells. These newly formed 
8 

D S 

cells are thought to differentiate in situ, althoughtsome authors 
« Of ° B 

suggest that*some migration,may occur (Johns^ 1977). In amphibians, a 

similar growth pattern involving mitotically active germinal cells at 

the ciliary margin has been1 documented (Jacobson, 1968./ 1976; Straznicky 

& Gaze, 1971)» • 

Although there is agreement that5, the primary source of new retinal 

cells is the ora terminalis, occasionally it has been noted in passing 

that, rn both juveniles and adults, some mitotic activity is—still 

occutmlng In regions central to the growth zone. Lyall (1957) notes: 
* in LWO or three retinae & have found a mitosis some distance 

from the edge of the retina in the outer nuclear-layer, In a 
region where differentiation is completed and the rods and 
cones have well-developed outer segments. These mitoses were 
found in the eyes of fish 1-2 years old, so a few nuclei in 
the outer "nuclear-layer must retain the power to undergo mitosis. 
(pg. 104) 

Similar observations on mitoses or trltlated thymidine incorporation in 

central retina have been made in other fish (Johns, 1982; Johns & 

Fern-aid, 1981; Sandy & Blaxter, 1980; Scholes, 1976), amphibians 

(Jacobson, 1968; Straznicky & Gaze, 1971), and young chicks' (MoriIn, 

Wylie ft Miles, 1976). The location of these newly formed colls is 

confined to two laminae, the outer nuclear layer <0NL) (RandyIP Blaxter, 

1980; Scholes,/1976) and the ganglion cell/optic fiber layer (GC/OFL) 

\ , 

» 
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(Jacobson, 1968; Morris, Wylie & Miles, 1976; Straznicky & Gaze, 1971). 

The cells in the ONL are thought to be„rods (Johns, 1982), while it has 

been suggested that the labelled cells in more vitread regions are glial 

or capillary endothelial in nature (Jacobson, 1968). Cell division of 

non-neuronal elements has 'been shown to exist in most CNS tissue (See. 

Korr, 1980 for a review). ^ 

The birth of cells in the well~differentiated ONL poses more 

interesting questions than does glial cell activity since cell birth in 

adult nerve tissue is relatively rare. It is particularly Important 

with regard to the issue of neural connectivity, as presumably these 

newly-formed rods must make appropriate connections within an already 

differentiated and ""functioning retina. Although there is irrefutable 

evidence that the vasjt majority of new cells are derived from the 

germinal peripheral zone, there are enough observations to suggest that 

the ora terminalis is not the sole source. As a result of the above 

mentioned hints that cell birth in adult animals occurs in older, 

differentiated retinal regions in at least two distinct laminae (ONI, and 

GC/OFL), Johns (1982) re-oxamined cell birth in the retina oi Juvenile 

fish. She concluded that, while the circumferential growth zone is the 

major source of new cells, there are photoreceptor cells bora throughout 

the extent of the retina in both larval and Juvenile fish. 

t 
The possible origin of the new rods found in ..central retinal 

regions is open to speculation. New rods may be formed In the annular 

growth zone and become displaced by shearing forces (JOIHIH, 197/; 

Midler, 1952). On the other hand, rods may only be produced In HIP. 

peripheral germinal zono and then migrate to now positions In moro 

a 



central retina (Johns, 1977; Muller, 1957). Perhaps pigment epithelial 

cells may give rise to new rods since pigment epithelium has the ability 

to undergo continuous cell turnover. - It could be that-other cells in 
i 

0 

the differentiated retina may be "transformed into rod receptors 
Q 

(Bernard, 1900) or new rods may be formed in situ from a germinal cell ',-

population scattered throughout the older retinal regions (Johns & 

Fernald, 1981; Raymond,, 1985a, 1985b). , 

Rod genesis appears to be unique and does not completely conform to * 

•standard histogenetlc explanations. Locket (1980) examined a deep-sea 

, teleost, which is distinctive in that it has a- pure-rod multiple-bank. 

retina when mature. When young, Chaiiliodus sloani has a single bank of 

rods, which is formefl in a manner similar to that occurring in other 

fifijh, but, by maturity, up to five banks of rods have been documented. 
* 

The increased numbers of rods presumably increases the light-gathering 

power of these deep-sea teleosts. The ratio of rods to ganglion cells 

increases from 7:1 in small fish to 200:1 in the largest fish examined. -

Addition of now*rods to form a multiple bank retina cannot proceed 

st richly 'by jtn situ cell birth at the peripheral growth zone«> If a 

shearing proce.se was involve^, one would expert a gradient of banks, w 

with central retina having the largest number. This was 'not * observed. 

If migration from peripheral retina to more central regions occurs, one 

would expect tos SOP more cell, nuclei than outer segments with the 

difference corresponding to the number of migrating immature coll 

bodies. This was not found. Migration of* pigment opitholial cells 

would Involve a long, tortuous eourso through the ovor-thiekenlng ONL, 

while reoraltmont and transformation of INL colls would not bo 

http://proce.se


numerically feasible since there are not enough INL» cells to account for 

the increase in the receptor population in this species. The flnalo 

possibility is that mitotic division occurs in more central regions. ' 
o 

This option would requir-e a population of stem or germinal4 cell<i 

\ 

a scattered throughout the differentiated ONL (or perhaps the INL). This 

last explanation can be employed to -explain the fact that there -are no 

topographical differences in the thickness or number of banks over the 

extent osPthe retina. Unfortunately, thymidine autoradiography, which 

could more directly address this question of the origin of the rods wan 

not applied to this specimen since this deep sea fish cannot survive in 

the laboratory. Sandy &,Blaxter (1980) demonstrated that, in herring 

and sole, each, of which has a pure-cone retina in larval stages and adds 

«***rods later in development!,' the new rods are derived from a population of 

A 
fstem dells located at the border of the ONL and outer plexiform layer 

(OPL). These results are in agreement with those which Johns (1982) 

found in the goldfish- Rod cell precursors a're formed by mitotic 
division of a stem « cell populations scattered throughout the 

differentiated receptor population in the ONL. Tn larval and young 

juvenile' fish (1~2 mos.), the annular growth ring was easily 

discernible. Scattered nuclei tagged with radioactive thymidine wore 

seen in both ONL and INL but, as the fish grew, a larger proportion of 

dividing cells was found In the ONL in comparison to thp INL. ThiB 

<, change in proportion of labelled ONL to TNL colls led Johns (19//) to 

postulate that the original location of the rod progenitors Is in the 

INL. The INL, she claimed, contains undifferentiated cliiBters of 

neuroepithelial germinal cells that then migrate to the ONL* 
L 

O •*% 



Furthermore, she suggested that these labelled progeny are 

subventrlcular cells since they divide in place, produce only one kind 

of neuron, aijd are active in'the late stages of histogenesis. Whether 
// * 
v ' 

the progenitor cells are left behind in the' ONL or in the' INL (before 

migrating to the ONL) as the germinal annulus grows is still to be 

determined. The fact that there is a population of these cells assuming 

a "latent" state among the differentiated rod receptors has been clearly 

demonstrated. 

Recently, Fermald and Scholes (1985) have located a -zone of 

exclusive rod neurogenesis in the developing cichlid retina. This rod 

production zone is composed of specialized neuroblasts concentrated in 

an annulus in the ONL about 100 um inside the ciliary margin. Usiwg 

thymidine autoradiography, they also^ showed that these stem cells 
r 0 

migrated outward from'more central to peripheral tissue. In addition, 

as survival time following the thymidine administration increased, this 

neuroblast population lost the label, suggesting dilution by successive 

mitotic divisions. They postulate that this dividing population of rod 

precursors acts to maintain the density of rod cells as the retina 

grows. These observations suggest that the rod precursor pool is 

actually a population distinct from the neuroblasts that comprise the 

original germinal, front since their location is separate from that of 

the ora j^rn^^Us, their morphology appears to' be unique, and their 

mitotic kinetics are .notably different. The existence of a separate 

stem cell population appears to be a plausible mechanism for maintaining 

rod density, although the underlying Implications for the formation of 

new neural connections and plasticity following damage to the sysi{̂ m are 
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still unclear. ' ' ° 

REGENERATION OF OPTIC FIBERS 

"When retinal ganglion cell axons are cut or crushed, they grt»w back 

along the appropriate pathways to their correct topographical location 

in the optic tectum. This regrowth and functional reeonnection takes 

between one and two months and has been confirmed behaviorally (Arora & 

Sperry, 1963; Edwards, Alpert & Grafstein, 1981; Springer & Agranoff, 

1977; Sjlringer, Easter & DAgranoff, 1977), electrophysiological ly 

(Border, 1974; Northmore & Masino, 1984; Yoon, 19?6) and anatomically 
•% 

(Attardi & Sperry, 1963; Murray & Edwards^ 1982; Radel, 1982). 
\ 
1 

Biochemical correlates of optic fiber regeneration have also been 

described (Grafstein & Murray, 1969; Murray" & Grafstein, 1969). 

Although a continuous process, regeneration can be broken down Into 

discrete events. Following the cut, the distal ends of the axons" 

degenerate. This Is followed by regrowth or elongation of the axons 

concurrent witti™sprouting of the fibers. The regrowing axons must then 

locate their appropriate post-synaptic destinations In the target tissue 

and, finally, synaptic connections must be re-formed. 

GANGLION CELL SOMA RESPONSE TO AXOTOMY 

Some of the most dynamic morphological changes seen during optic 

fiber regeneration take place in the ganglion cell soma. This is not 

surprising since it is the major production site of materials for cell 

maintenance and axon regrowth. The ultrastructural changes occurring In 

the cell body, which will be described below, reflect the metabolic 

r 

\ 
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alterations arid cytoplasmic responses that are necessary fo(r the 

successful regeneration of the damaged axons. 

Between 1 and 4 days following optic tract axotomy the appearance -

of the" ganglion cell soma is similar to an in%£££ o cell body although 

statistical analysis demonstrates that there Is an increase In nucleolar 

volume at this early stage (Murray & GrafstelnJ '1969). 'Murray & Forrtan 
* - j ' 

(1971) examined the time course of structural changes in t,ne ganglion 

cell soma during regeneration and they found that between 6 and 14 days 

after axotomy striking changes begin to occur in the /cell bocfy* 

Cellular and nucleolar hypertrophy are evident along witj^n ihprease in 

cytoplasmic basophilia^ The swelling of the soma is predominately the 
> i. 

result of a marked increase in the free ribosome population, although 

the number of single profiles of rough endoplasmic reticulum (rER) also 
r 

i > 

increases beginning at about 10 days. During this period the nucleus 

assumes an eccentric position and the nucleolus appears enlarged and is 

quite visible. Glial cell bodies in the ganglion cell layer are more 

frequently found and appear to be closely apposed to the ganglion cell » 

somata. Between 2 and 6 weeks following optic tract cut the ganglion 

cell ,soma undergoes further modifications, the most striking perhaps is 

an increase in both the relative and absolute amounts of rER. The rER 

is now seen as continuous parallel stacks, and in this distribution, 

fills most of the cytoplasm. The free ribosome population, grouped In 

small clusters is still elevated and fills in the gaps between the 

clsternae, but appears to decline in number towards the end of this 

period. Groups of neurofilaments' and microtubules become visible in the 
+ 

perinuclear cytoplasm* The nucleus remains eccentric and the nucleolus 



;* 10 

is at its largest. The behavior of the glial elements was not reported 

* during this period. Two months following axotomy, the fiiWnal ganglion 

cell has begun to recover; cell size and appearance are nearly normal, 

with the exception of the nucleolus which Is still somewhat enlarged. A 

similar course of events has been documented in the newt (Turner, 

Delaney & Powell, 1978-). 

* * 

The' morphological events occurring in the retinal ganglion cell 

soma during regeneration directlyo reflect the changes in protein 

metabolism that are activated in response to nerve crush. The increased 

number of free rlbosomes seen as early as one week following crush 

^suggest that the first protein changes are slated for use within the " 

cell body, although the.pdssibility exists that early protein product ion 

may be implicated- in axonal degeneration or may be accumulating in 

preparation for export to the re-growing axon. The subsequent e Increase 

in the amount of rER is associated with enhanced protein production for 

export to the*growing axon tip (Murray & Forman, 1971). These physical 

changes in the amounts of free ribosomes and rEft reflect the changes in 

protein metabolism which can be visualized through biochemical methods. 

In order to examine some of the underlying blosynthetic changes 

occurring in perikaryal organelles of retinal ganglion cells during 

regeneration of optic axons, Whitnall § Graf stein (1981, 1982, 1983) 

•looked at tritlatod proline incorporation in vitro, followed 'by 

quantitative electron microscopic' autoradiography 6, 14, and 10 days 

following optic tract InjurdBFThey found increased labelling of the 

nucleus and nucleolus at ̂ jwlays, but found little, If any change In the 

amount of rER. Other reports have shown that increases in RNA and 



protein synthesis begin even earlier at 3 to 5 days following axotomy 

(Burrell, Dokas & Agrandff, 1978; Heacock & AgranOff, 1976; Murray, 

1973). At: 14 to" 30 days, the absolute volume of rER is seen to increase 

1 along with the increase in cell size. Although the relative amount of 
o 

free ribosomes -̂ was greater during all three regenerative periods, the 

proportion of protein synthesized by the o polyribosomes decreased, in 

contrast to the rER where the t,°tal protein synthesized increased during 

the times examined.* Finally, the percentage' of total" label in the 

smooth membrane (which is thought to transport material from the rER to 

the Golgi apparatus) was enhanced, as was the amount of synthesized 
y 

protein in the Golgi apparatus .itself. 

* V I 

The vast majority of the newly synthesized proteins would be 

logically -expected to be slated for export to the growing axon tip (for 

a review of protein transport see McEwen,, Forman & Grafstein, 1971). 

The synthesis of certain proteins - for export from the cell soma is 

modulated during optic nerve regeneration (Grafstein & Murray, 1969, 

Murray & Grafstein, 1^969). What is unclear is whether selected proteia 

species specified for internal use in the cell body also undergo 

modification. Heacock & Agranoff (1982) examined protein synthesis in 
1 

the retina as well as the optic nerve. In their hands those proteins 

that underwent enhanced production in the retina (eg. tubulin and 

actin) were the same as those that were later seen to be transported to 

the tectum. To date, no specific alterations during optic nerve 

regeneration, which are strictly confined to the retina, have been 

observed. This does not necessarily mean that they do not exist. 

Perhaps present techniques are not yet refined enough to detect such 
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small modifications5 or possibly the aforementioned changes in protein 
. "* « ' * 

production are of such magnitude tliat they mask ,,other smaller'-' shifts 

•° • « 
that may "be occurring. , „ » " * " 

Since the primary1* source of the various responses to optic nerve 
l« d a <• 
" i 

axotomy is the .retinal ganglion cell , sojna, and as the retina is a 
* 0 

continuously developing structure in the goldfish, I have chosen to 

examine if axotomy of retinal ganglion cell axons modulates the normal 

pattern of cell birth throughout the retina. 

*»+«y 

r 
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II. MATERIALS AND METHODS 

Animals 

Common goldfish (Carasslus auratus) obtained commercially (Mt. 

Parnell Fisheries, Penn.) were employed for all experiments. They 

varied in length from six to nine cm and were communally maintained in 

100 1 aerated aquaria, kept at approximately 22 °C under a 12 hr 

light/12 hr dark regime. Following surgery, fish were house'd in smaller 

tanks (30-50 1) in groups of five. Animals were fed Tetramin (Hagan 

Go.) M>n a daily basis. 

I 9 

* 4 

/ 
Optic Nerve Crush / «, 

/ 
/ 

For all experimental surgeries, fish/were anaesthetized with 0.1% 
/ 

tricalne methanesulfpnate (MS222; Sigma), sandwiched between two wet 

sponges and placed into a surgical apparatus. Fresh aerated water was 

passed through the mouth and gills to keep the animal respirated. For 

optic nerve crushes, two parallel incisions were made above the ocular 

orbit, the flap folded back, the eye retracted with straight-forceps, 

and the exposed nerve was gently crushed approximately I mm behind the 

eye-*vwllh curved forceps. Complete crush was verified in every case by 

insuring that a transparent segment was visible in the optic nerve 

sheath, signifying complete transection of the optic fibers. The flap 

was then replaced and the animal allowed to recover. 

Retinal ganglion cell axons exiting from the right eye cross at the 

chiasm and innervate the left optic/tectum. Ootlc fibers from the left 
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eye intrSrvate the right optic tectum. The decussion at the optic chiasm' 

is complete (Sharma, 1972). Therefore, a unilateral optic nerve crush 

affects one of the pathways, while leaving the other to serve as an 

intact control (Figure 1). 

Labelling of Proliferating Cell Nuclei 

Thymidine is a specific precursor (for deoxyribonucleic acid (DNA)) 

which is incorporated into DNA in the nuclei of cells during the 

synthesis (S-)phase of the cell generation cycle. These cells will then 

undergo mitotic division. Since DNA *ls stable, the tritium ('ll) 

/ incorporated into the DNA will remain as a permanent marker unless it is 

diluted by subsequent mitotic divisions. The nuclei of those cells 

% which have Incorporated
 JH-TdR can be visualized by autoradiographic 

methods. % * f 

For intraocular injections of JH-TdR, fish wore anaesthetized and 

placed in the surgical apparatus. The tip of a 10 ul Hamilton syringe 

was entered into the dorsal most"region of the eye at the border between 

the cornea and eye cup proper. Five „ul tritlatod thymidine ( H-TdR) in 

distilled water (lmCl/ml, 6.7 Gi/mmol S.A., New England Nuclear) were 

injected into the vitreous humor, the syringe was slowly retracted, and 

the animal was allowed to recover. 

LiMVk Microscopic Autoradiography 

In preparation for light microscopic autoradiography, fish were 

heavily anaesthetized with MS222, perfused through the heart with 

y 
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phosphate buffered saline (PBS) and decapitated. Individual, eyes were 

excised, punctured-through the cornea, and fixed in Bodian fixative,, (90 

ml 80% ethyl alcohol (EtOH), 10 ml formalin, 10 ml glacial acetic acid) 

overnight at room temperature. The sclera and choroid coat' were then*' 

dissected free, the lens and much of the vitreous humor removed and the 

cleaned retina with pigment epithelium attached was returned to fresh 
ft c 

fixative overnight. The following day, the retina was dehydrated (3 x 

95%* EtOH, 2 x 100% EtOH, 2 x chloroform) and embedded in Paraplast -K 

, Complete serial1 sections (16 jum thick) were -taken throughout the » 

entire extent of the retina and mounted on subbed slides (5 gm gelatin, 

0.5 gm chromium potassium sulfate (chrome alum), 1.0 1 distilled water). 

Slides were air dried overnight and rehydrated through EtOH series the 

following fcday to remove the paraffin, In preparation for coating with 

emulsion. They were then dried overnight in a 40 °G oven. Emulsion was 

prepared 1:1 'in a warm water " bath (39 aC; NTB-2 emulsion 
it 

(Kodak):distilled water) under a sodium lamp. Slides were individually 

dipped and placed in a rack to dry. The.entire rack was placed in a 

large light-tight box with approximately™^ humidity for 18 hours. The 

slides were then loaded into slide boxl^(approxtmatoTy 20*S"l Ldes/box) 

with a small amount of deslccant (Driorlte), sealed with electrician's 

tape, wrapped in plastic wrap and again in aluminum loll. The coated 

slides were exposed In a 4 °G refrigerator for two weeks. At the end of 

the exposure period, the slides were developed in D-19 (Kodak), washed, 

fixed (Kodak), and stained with tolufdlne blue (Fisher Scientific Ltd.) 

to define cell bodies and thus reveal the laminar organization of the 

retina. The slides were then dehydratedjind coversllpped with Permount ateddir 

i 
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(Fisher Scientific Ltd.) for examination under the light .microscope 

(Zeiss). ' i 

Autoradiography Followed by Electron Microscopy 

Fish were anaesthetized, perfused, and dissected in the manner 

described aFovej using 0.1M cacodylate (CaCo) buffer (pH*7.1) instead of 

PBS. The retina was removed and immersed in fixative (4/' 

gluteraldehyd*, 2.5% paraformaldehyde in 0.1M CaCo buffer; Karnovsky, 

1965), at 4 °C for 4*hrs. The retina was cut into small (approximately 

1 mmr) pieces excluding the most peripheral regions, and postfixed in 27, 

osmium tetroxlde for 2 hours, washed and dehydrated through graded EtOH 

series (50%, 70%, 80%, 90%, T x 100%, 2 x 100%.-propylene oxide (P.O.), 2 

x P.O., P.O.rEpon 812 (Polysciences), 100% Epon 812), embedded in 100% 

Epon 812, and polymerized in a 60 °C oven for 48 hours. 

Thick sections (1.5-2.0 jum) were taken using a glass knife,'mounted 

on subbed slides, and processed as des'cribed above for autoradiographic 

visualization. The only exception was that the exposure time was 
J-

increased to four weeks to counterbalance for thinness of the section. 

Slides were stained with toluidine blue and examined under the light 

/ \s*\ microscope. Photographs at 6.3X, 16X% and 40X (objective magnification) 

were taken of all cells of interest. 

, Clearly labelled cells from the thick pJnjjJJo sections were chosen 

for re-examI nation under the electron microscope. A fine 'needle wn« 

used to trace'the border of the section of interest in order to free the 
J 

section1from the emulsion coat. A smalL drop of water was placed on the 

desired section and a razor blade was used to acrape the section free wo 

r 
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that it floated on the water droplet. The section was then transferred 

to a second drop of water on a clean slide, emulsion side down, and a 

' pretrimmed plastic stub in the metal holder was placed on top. This 

setup was placed on a warm hot plate in order to .evaporate the water and 

secure the section to the stub. Following mounting on the stub, the 

labelled cell was still visible under the microtome microscope. The 

block was trimmed anjl thin serial sections (90 nm) were placed on 

single-slit, Formvar coated grids, stained in uranyl acetate and lead 

citrate '"(Reynolds, 1963), and examined under the electron microscope 

(Henken & Chernenko, in press). 

'Data Collection 

Serial sections were made throughout the* entire extent of the 

retina In the equatorial^plane (Figure 2). The total number of labelled 

cells was recorded for every fifth serial section, moving from 

peripheral to more central retina. On average 20 sections were 

- tabulated for each retina-with a range of 15 for the smallest to 30 for 

the largest eye. A cell was considered labelled if at least ten silver 

grains were visible in the emulsion coat overlying* the nucleus. The 

average background activity was approximately 0.1 silver grains per" 

nucleus. Labelled cells were scored according to their laminar location 

in 'one of three retinal categories: photoreceptor layer (outer nuclear 

layer; ONL), horizontal/amacrine/blpolar/Muller cell layer (inner 

nuclear layer; INL), or deep layer (retinal ganglion cell layer and 

optic fiber layer; GC/OFL; See Figtirp 3). 

Preliminary results following Intraocular Injection of trltlated 
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thymidine illustrated that labelled cells wejre s£en in all nuclear 

laminae of the retina (see Figure 3). Topographical location was 

recorded automatically as part of the data^ collection procedure (see 

Figure 3^. Two extreme retinal locations, at the peripheral margin and 

the central area ardund the optic disc were purposely excluded from the 

analysis. Accurate cell counts using light microscopic autoradiography 

were impractical in the ora terminalis for two reasons. First, laminar 

structure could,not be defined. Figure 4 shows an example of labelled , 

cells within the ora terminalis in a para-axial section (see Figure 2) 

through the retina. In contrast to the retinal section shown in Figure" 

3, it is impossible to distinguish the different layers in the ora 

terminalis (Figure 4). Jn the lower regions of the micrograph, the 

three nuclear layers are identifiable. As one moves from central to 

P peripheral retinal regions (towards the top of the figure), laminar 
1 p 

identification becomes / progressively more difficult, until In the ora 

terminalis, it becomes impossible. The second reason for exclusion of 

the ora terminalis was due to the fact that individual tagged cells 

could not be distinguished because of the dense sheet of labelled nuclei 
/ 

covering the region. Figure 4B shows an example In which heavy 

labelling masks, the underlying cells. Even if it were possible to 

define specific laminae, the intensity of the label would obscure any 

possible identification of the underlying individual cell nuclei. 

The second region to be excluded from these studies was the most 

central portion of the retina. In the central retinal regions the optic 

fiber layer Is relatively thick as, all optic fibers, from the most 

peripheral to the most central, must converge and exit by thia route. 
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As a result of the Increased thickness of this region, an estimation of 

the linear density of labelled cells in the GC/OFL would be misleading, 

(see Figure 5A). In figure 5B, an equatorial plane of section of the 

area near the optic disc is presented. This autoradiograph illustrates 

the marked increase in the width of the,.GC/OFL. Cell counts would be 

exaggerated (If the entire region was included), or subjective (if an 

arbitrary limit of the region was enforced). To minimize this possible 
i D 

skewing factor, a retinal ring with a circumference of less then 5 mm 

was excluded from the analysis. ^ 

Since serial sectioning proceeded from peripheral to central retina 

(Figure 2), topographical location was automatically recorded.. The 

circumference of each retinal ring was measured along the inner nuclear 

layer and this measurement was used to normalize the cell counts lntor 

linear densities. These data were then expressed as number of labelled 

cells per 10 mm. A linear density measurement more accurately reflects 

the size of the cell population as the area from which the density is 

taken substantially decreases as one proceeds from peripheral to central ( 

retina. Both the axotomized retina and the intact retina for each fish 

were analyzed and all comparisons made within the same fish. 

t 

Data Analysis 

The average number of labelled cells per 10 mm was graphed for each 

section of each retina for each fish. In addition, the circumference 

examined for each section was graphically represented. The mean linear y 

density of labelled celLs/10 ram for each retina in a given fish was } 
0 

calculated by: 
/ 



n 
£ a; 

A= i=l 

n 

(1) 

20. 

n 

C= 1=1. (2) 

n 

th where â , is the:-number of labelled cells/10 mm in the, 1 section of the 

axotomized retina, c. is the number of labelled cells/10 mm in the 1
t h 

section of the contralateral'control retina,and°i denotes the sequence > 
" I . 

of equatorial retinal sections in the serial study (see Figure 2). In 

the cases where intact fish are examined, A "refers to the right eye oand 

"C refers to the left eye. The mean linear density indipatea the overall 

density of the labelled cell/population for each retina. 

* An equatorial section from the axotomized retina and pno from th* 

control retina were considered to be equivalent by .virtue of their 
« • 

similar topographical location as determined by their circumferential 

length (see Figure 2). In those, cases where a wedge of retina was lost 
v 

during processing, or oblique sections were i n i t i a l l y taken, the 

extrapolated perimeter was used in judging equivalent sections. The 
i t 

ra t io of ce l l proliferation ( r . ) between the experimental and control 

ret inae for the i . p n i r of equivalent sections was defined a s : 

O) 

The ra t ios thus obtained' 
\&^W 

>n the experimental and control s-ecLions 
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were recorded for all fish at a given experimental time following 

• * . • » 

axotomy. For any given experimental time following optic nerve crush 
\" 

retinae from three to six fish were examined. The mean value <R> of the 

° 
ratios of individual j pairs of equivalent sections f orc a given 

post-operative period was calculated by: , i 

n ' 
<R>=* Vr, x r2 x r3 ... rn (4) 

t 

n 
ln<R>=£" lnrt' '(4,») 

i=i * 

where In is the natural logarithm-»(log„). All ratios-were converted 
' » e 

into In values and the mean value of th£ ratios of equivalent sections 

•was calculated by Eq.(4'). The ln<R> Value was used for statistical 

analyses. 

Analyses of variance (ANOVAs) were conducted to test various 

hypotheses concerning changes in the linear densities of labelled cells 

as functions of time following axotomy and topographical'location. The 

values of ln<R> were graphed as a function, of time following unilateral 

optic nerve crush. Standard error bars at each mean were used to 

represent the relative variability of each ln<R> at each time condition. 

More detailed comparisions between individual time conditions were made 

using Student's t-tests. To employ multiple t~tests, the probability of 

.finding significance as a €unction of the number of comparisons involved 

must be taken into account. The probability level of .05, therefore., 
V 1 

must be divided by the total number of t-tests executed; which is known 

as Bonfcrroni's or Dunn's t-test procedure. In no case were more than 
i 

30 t-tests performed. Therefore, a reliability level of .001 was 
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considered the appropriate level of acceptance in all statistical 

analyses involving Student\s t-tests. * „ 

v. 
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Figure 1. Diagram of Experimental Procedure , 

This is a schematic of the paradigm employed for the studies examining 

the effects of axotomy on cell proliferation observed 1 day (short 

survival) or 1 month (long survival) following JH-TdR injection. An 

optic nerve crush'was performed on one eye (axotomized), while the other 

eye was left intact (control). Because of the near total decussation of 

the optic fibers at the ch'iasm, each r-fish could serve as its own 

control. At various* days following axotomy, JH-TdR was introduced 

intraocularly.in both eyes. Either one day or one month following 

to & * * 

injection, the -. fish was perfused and both eyes processed for light 

mlcr6scopic autoradiographic examination. 

^ 
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Figure 2. Illustration of Planes of Section 

This diagram illustrates* the two types of sections of retinal tissue 

that are referred to in this thesis. 

\ - - -

A para-axial section is parallel to the bjitic nerve axis and contains 

all topographical retinal regions from most peripheral to most -central. 

An equatorial section is perpendicular to a para-axial section and thus 

appears as a ring of retinal tissue when examined., "Serial equatorial 

sections were taken throughout the retinal extent, where section i=l is 

the most peripheral, and i=n is the most central topographical retinal 

ring. 

y 
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Figure 3. Labelling in Retinal Laminae 

Light microscopic autoradiograph of an equatorial section of axotomized 

retina from a £ish that received an unilateral, optic nerve crush, 10 

days prior to injection of tritiated thymidine. The fish was sacrificed 

1 day later. The light autoradiograph illustrates that following 

intraocular " injection of 3H-TdR, labelled cell nuclei are found in ail 

i retinal laminae• 
/ 

Abbreviations: PE- pigment epithelium, ONL- outer nuclear -layer (where 

photoreceptor cell bodies are located), INL- inner nuclear layer (where 

amacrine, bipolar, horizontal and Muller cell bodies reside), GC:0FL-

ganglion cell:optic fiber layer (where retinal ganglion cell somata and 

glial cell bodies are found). Calibration bar: 100 jam. 

Inserts illustrate silver grains located in the emulsion coat overlying 

the nucleic Note the density of grains when the fish is sacrificed one 

day follpwlng administration of 3H-TdR. Calibration bar: 25 um. 
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Figure 4. Ora Terminalis- Para-axial View 

A. Light microscopic autoradiograph of â  para-axial section through the 

ora terminalis and the retinal regions immediately central to it. At 

the bottom of the page, in the more central porjPttt of the retina, 

laminar definition is clear. In the more peripheral regions (towards 

the top of the page)', laminar differentiation is not yet complete. 

Abbreviations are the same as in Figure 3. Calibration bar: 100 jam. 

B. Inset of the boxed region seen in A. Note the heavy label obscuring 

"individual cells. Calibration bar: 50 jam. 

~*v 
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•*Figure 5. Area Near the Optic Disc- Para-axial and Equatorial Views 

A. A para-axial section through the central region of the retina , 

illustrating the thick GC/OFL (between arrows) and the convergence and 

exit of the optic fibers from the retina. Note the labelled cells in 

both the GC/OFL and in the optic nerv̂ e head. Calibration bar: 100 jam. 

ty B. Equatorial section of the area near the opti'c disc. Note the width 

of the GC/OFL and the abundance of labelled nuclei. Calibration bar: 

100 jaj*. 

C. Enlargement of the optic disc, illustrating the heavy labelling. 

* - -
Calibration bar: 50 um. 

t 

D. Enlargement of individual cells depicting silver grains in the 

emulsion coat overlying the nuclei. Calibration bar: 25 jum. 

r 
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II.. CELL PROLIFERATION IN THE GANGLION CELL AND OPTIC FIBER LAYERS v 

* 

In. this experiment, I quantified normal 'cell proliferatipn in the 

° * * \ % 
GC/OFL and' examined how optic nerve axotomy^modulates it at various" 

' ?' 
pofit-operatlve periods. 
Furthermore, I tested whether the survival time following injection of 

tritiated thymidine influences the number of "labelled cells by 

quarftifyingf the tagged cell population either 1 day or 1 month following 

Injection, ' % 1 "» 

EFFECTS OF OPTIC FIBER AXOTOMY ON CELL PROLIFERATIONS THE 
GC/OFL EXAMINED 24 HOURS AFTER THYMIDINE INJECTION 

*»'> 

To observe the topographic distribution of labelled cfells in the 

GC/OFL in normal fish, and to illustrate that the two retinae of a 

single fish do not differ in any appreciable wayL/jjrour fish received 

bilateral intraocular injections of JH-TdR. Furthermore, to insure that 

physical trauma itself did not affect normal cqll"proliferation two o£ 

\ 

these fish received sham optic-nerve crushes. „ This surgical intrusion 

mimicked the procedure of nerve crush, without 'actually injuring the 

nerve in any way. Fish were sacrificed 24 hours after -'H-TdR 

administration. All fish tised in these experiments ranged between 5 and 

7 cm in length from nose to tail base. 

In order to examine if axotomy modulates the number of cells that 

\ire actively synthesizing DNA in the retina, I performed bilateral 

intraocular injections of 3H~TdR in seven groups of fish at various 

.post-operative ̂ rlods: 5, 10, J.5, j20, .25, 35, or- 50 days following 

unilateral optic nerve crush. The numbers of fish in each experimental 
* * a, 

group were 5, 5, 6', 4, 4,4fe and 4, respectively. After waiting 24 
* *> hours following the injection, fish were sacrificed and their retinae 

33 



processed for light autoradiography as described previously. 
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RESULTS „ 

tarmalf(GC?OFL-N(SS)) 

V 

Kigure 6 shows the patterns of labelling across topographical 

regions obtained from four intact fish that were sacrificed 24 hours 
i * » 

D 

* after thymidine injection. In this figure and in all following 

graphical representations of individual fish, the following conventions 

j are employed. The abscissa represents the serial sections examined, 

where in biological t^rms, section 1 is the most perlpher'al, or the 

. y 
youngest ring of retind (excluding the ora .terminalis). The following 

'sections taken at 80 um intervals represent progressively more central 
regions 'of the retina. In the upper of each pair of graphs, A-D, the 

i 

ordinate refers to the linear density of labelled cells, while in the 
a 

lower graph of each pair, the retinal circumference from which the cell 

counts were'made is presented. As was described above, no section was 

-counted with a circumferential ring of less then b mm. The term "short 

survival" in the figure heading * refers 'to a 1 day survival period 
/ 

3 * 

following JH-TdR Injection. "In later experiments, this will »be 

contrasted with a "long survival" interval, which refers to a survival 

interval of 30 days. The dashed line represents the right eye and the 

solid line, the left eye. 

Figure 6A illustrates the topogfaphical distribution of labelled 

cells from a fish that received a sham-right ONC. The mran linear 

dens'lty of labelled cells/10 mm in the GC/OFL of the rightVetlna is 

, 40.4 and that of the left retina Is 36.4, There appears j,o be little 
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variation, between the labelling pattern in the two eyes. In Figure 6B 

the data compiled-from a fish that underwent a sham-left ONC, are 
c 0 v 

presented. The mean linear densities of labelled cells/10 mm for this 

.fish are 20.9 for the right and 21.3 Cor the left retina. This pattern 

is similar to that seen in 6A, that is| there are relatively consistent 

densities of labelled cells between the two eyes with a slight increase 

in the more°central topographical regions. Figures 6C and 6D illustrate 

the labelling distribution found in intact fish, sacrificed 1 day 

following intraocular thymidine injection. Both appear to hsuve 

equivalent labelling across most of the retina with the exception of the 

most central region. At this location, a slight increase in the density 

" of labelled ceUls is evident. The mean linear densities^ of labelled 

cells/10 mm are8.7 and 14.1 for fish C, and 17.6 and 15.1 for fish D. 

The slight increase In the numbers of labelled cells in the most central 

° retinal regions is most likely a reflection of the increased thickness 

of the GC/OFL. Although a retinal ring with less than a 5 mm 

circumference "was excluded, this precaution may 'not have entirely 

teliminated the skewing factor of the increasing width of the layer 

Itself. 

b. Five Days Following Unilateral Optic Nerve Crush (GC/0FL-D5(SS")) 

When fish received bilateral intraocular injections of tritlated 

thymidine 5 days following unilateral axotomy, and the labelling 

patterns of equivalent sections from both eyes are compared, there is ?'a 

1 
/clear enhancement in the number of labelled cells in the axotomized eye 

1 " (see Figure 7). fn these graphs and in those to follow, the dashed lfne 
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represents the axotomized eye, while the solid line refers to the 

intact, control eye of the same fish. In Figure 7A, there 'is a clear 

increase in the numbers of cells in the GC/OFL of the.axotomized eye as 

f -
o "• i 

compared with the control* eye throughout the, topographical gradient. 

The mean linear density of labelled cells/10 mm in-the axotomized eye 

(A)°is 59.1, while only 14.8 labelled cells/10 mm are seen • in the» 

control eye (C). Although there is some variation between adjacent 

sections, the enhanced labelling in the axotomized retina is evident. A 

similar labelling pattern is seen in another fish as shown by Figure 7B, 

where A=57.4 and C=12.5. There is also a tendency in * toward enhanced 

labelling in the more central retinal regions. This trend reocturs to 

various degrees as can be witnessed in Figures 7C-E. The mean linear 

/densities for these three fish are A=112.9 vs.'4»=59.0, A*131.9 vs. 

-0=83.3, and A=220.5 vs. C=75.5, respectively. For these tViree fish, 

) 
• there~~',are clearly more labelled cells in the axotomized,GC/OFL of the 
retina. In addition, enhanced labelling in the central retinal regions 

is evide*nt. As the equatorial sections become more centrally located, 
* - >. 

the thickness of the GC/OFL increases because of the Increased number, of 

retinal fibers exiting the retina. Associated with this increased fiber 
v 13 

fc 1 

u density is an increase In the number|of non-neuronal elements. Although 

I attempted^ to curtail this skewing factor by setting an arbitrary cut 

off point of a 5 mm circumference, the increased thickness of the GC/OFL 

/ is still a relevant point, as can be seen by the increased labelling in 

the Intact rtetina. It appears, however, that labelling is even more 
c, 

. « 1 ,' 

pronounced In the axotomized retina in the central topographical 
regions. , '• 

J 
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• * ° - ' 
c. Ten riays Following Unilateral Opt^c Nerve" Crush (GC/0FL-D10(SS)) 

** o 

- The results* obtained from five fish that had JH-TdR introduced 

'bilaterally 10 days/following unilateral optic nerve crush are presentedj 
in -Figure 8. The pattern of labelling in the GC/OFL between the two 

eyes%is very similar to that seen on day 5 (GC/OFL-D5(SS)). In all 

v sections, there are more labelled cells in the GC/-0FL of the. axotomized 

° retina. In Figure 8A,i mean linear density for the axotomized GC/OFL (A) 

is 43.5 and for the intact GC/OFL (C) is 10..5. As one moves from' 

peripheral to central retina, the linear' density increases In xthe 

axotomized eye. As can.be seen in Figures 8B-E, similar patterns emerge 

' in all fish under this experimental regimen. The mean linear* densities 

for these fish are A=34.4 vs. C=15.0, A=IU.l vs. C=23.5, A=30.4 vs.j* 

C=10.3, and A=62.8 and C=24.6, respectively. 
, t . , 

>». 
d. Fifteen Days Following Unilateral Optic Nerve ,Crush (GC/0FL-D15(SS)) 

Fifteen days following unilateral ,0NC, more labelled cells are seen 
* •» • 

in the axotomized GC/OFL as compared with its intact control, when fish 

are sacrificed 1 day- following administration of 3H-TdR. In Figure 9, 

the individual data from six * fish are presented. For the fish 

illustrated in Figure 9A, the mean linear density of labelled cells/lO** 

mm in the axotomized GC/OFL is 48.1. In its contralateral control only 

27.6 tagged nuclei/10 mm are found. There is some overlap between 

certain topographical comparisons (eg: sections 1, 5, and 1,5), but * 

overall the pattern is similar to-that seen on D5 and D10, but at a 

depressed level. Again, there is a clear increase in labelled cell 
\ - • 

density in' the most central regions in the axotomized eye. Figure 9B 

http://can.be
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represents anothet such fish. The overlap is more pronouneed (eg. 

sections 10, 5'0, 55, and 60), but the general result remains the same. 

The mean linear densities for this fish are A*91.3 and CHS 6*5. The fish 

represented by the graphs' in Figures 9C-F, have similar configurations. 

In general, there are more tagged nuclei in the axotomized GC/OFL; the 

mean linear densities of labelled cells/10 mm for these fish are A«42.3 

vs. ~C=*=18.4, A=48.2 vs. C=,28.9, A=37.7 vs. C-24.6, and A-74.7 vs. 

C=52.4. There are however, certain regions of overlap (eg. Figure 9C, -
i 

section 10; 9D, sections 5, 10, and 80; 9E, sections 10, and 20; 9F, 

sections 1, 10, 40, and 45). Overlap was rarely seen at days 5 

(GC/OFL-D5(SS)) and 10 (GC/OFL-D10(SS)) following unilateral axotomy. A 

visual comparison between the labelling patterns of individual fish at 

D54 D10, and Dl5 suggests that .the differences at D15 are less 

substantial than that seen at the earlier times. The mean linear 

density measures support this result. There is still a noticeable 

t / . - ' 
increase in labelling density in the most central topographical regions, 

e. Twenty Days FOllowing'Unilateral Optic Nerve Crush (GC/0FL-D20(SS)) 

Twenty days following unilateral, axotomy, more labelled cells are 
n J o 

seen in the axotomized GC/OFL,. although the overall pattern between "the 

four fish is not as consistent as for previous groups of fish. In 

Figure" 10A, the first of these four fish is represented. Therd- are 

clearly more labelled cells in the GC/OFL of the axotomized fish. No 

overlap is evident between the two eyes. The mean linear density of 

labelled cells/10 mm for the, axotomized GC/OFL i*-119.3, while 69.3 

labelled cells/10 mm are found In the intact eye. The trend Is similar 



to that seen previously- a clear enhancement in labelling density as one 

moves from peripheral to central retinal regions. Figure 10B depicts a 

fish with more overlap between the two retinae. Although there are more 

labelled cells in the GC/OFL of the axotomized retina (61.0 labelled 

cells/10 mm) as compared with the intact GC/OFL (52.7 labelled cells/10 

mm), this difference is not as pronounced as seen in the fish 

illustrated in Figure 10A. This fish looks similar in distribution to a 

normal fish. In Figure IOC, a compromise between the two labelling 

distributions is evident. The mean linear densities of the axotomized 

and control layers are A=45.7 and C=21.9. There is a clear upward trend 

in the more central topographical regions. In Figure 10D, the last fish 

to be*included in th^s post-operative group is presented. Although 

there are more labelled cells in the axotomized- GC/0FL_(45.7 labelled 

cells/10 mm) as compared with the control GC/OFL (31.1 labelled cells/10 

mm), there Is some overlap, no increased density of label in central 

topograhical regions, and in general, this fish appears" quite similar in 

configuration to the fish represented in Figure 10B. 

' Although there are more pronounced individual differences between 

the members of this post-operative group, the overall result is similar 

to that seen in D15 (GC/0FL-D15(SS)). The statistical analyses to be 

presented in the following sections confirm this .observation. 

f. Twenty-five* Days Following Unilateral Optic Nerve Crush 

(GC/0FL-D25(SS)) 

Twenty-five days follqwing unilateral optic nerve crush, labelling 

differences in the'GC/OFL appear to be returning to normal levels. In 
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Figure 11A,,the mean linear densities of labelled cells/10 mm are A-44.8 

and C=28.6. There is still a tendency toward a higher degree of 

labelling in the central topographical areas. In Figure 11B, a reverse 

trend is 'seen for the first time- consistently more tagged .nuclei " are 

found in the control eye. The .mean linear density for each retina is 

17.6 (axotomized) and 30.1 (control). Figure 11C represents a fish with 

no difference in mean linear densities between the two eyes (A-85.4 and 

C=86.0). The overlap between the two retinae is pronounced, as is the 
i * * 

clear increased trend in labelling density from peripheral to central 

retinal regions in both" eyes. In Figure 11D, a less intense-version of 

11C is depicted. Overlap between the two eyes is great and the trend 

toward increased cell labelling as one moves more centrally in the 

retina is . also evident, but to a lesser degree. The linear density 

measurements for this fish are A=35.2 and C=39.9. 

g. Thirty-five Days Following Unilateral Optic Nerve Crush 

(GC/0FL-D35(SS)) 

By 35 days following unilateral axotomy, differential labelling 

between the GC/OFLs of the axotomized and intact retinae have almost 

disappeared. In Figure 12, four fish are Jillustrated. . As is 

immediately apparent, there is great overlap between the labelling of 

the two retinae"of a single fish. The only exception is Figure 12B,* 

where there is no overlap, and a consistent tendency for more tagged 

cells in the axotomized eyes The mean linear densities for this fish 

» * 
are A=»26.3 and G»14.7. For the fish presented In 12A, A-9.2 arftl C-8.8. 

For fish 12C and 12D, the mean linear densities are A*33.5 vs. 0*43.2, 
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and A=28.0 vs. C=«24.7, respectively. There does not appear to be any 

increased tendency for a higher labelling density in more central 

topographical regions. 

h. Fifty Days Following Unilateral Optic Nerve Crush (GC/0FL-D50(SS)) 

Figure 13 illustrates th&r topographical labelling pattern in the 

GC/OFL of fish 50 days following unilateralONC. When the animals are 

y , 
sacrificed 1 day after administration of JH-TdR, no differential 

labelling is seen between the two retinae of a fish in the majority of 

cases (Figures 13A, 13B, and 13D). The only exceptlon-scan be seen in 
-1 » 

Figure 13C. In this case there are more labelled cells in the 

axotomized GC/OFL, although there is much variability and a considerable 

amount of overlap. The mean linear densities for this fish are A=74.2 

and Ca55.2. There is also the tendency for increased labelling in the 
a 

more central retinal regions. In Figures 13A, 13B, and 13D, the 

labelling patterns appear almost Identical to those seen in normal fish 
i 

(GC/0FL-n(SS)), (see Figure 6 for comparison). Relatively low labelling 

is found in both eyes of a single fish. The mean linear densities for 

these fish are A-7.7 vs. " G»10.2, A=27.6 vs. C=32.8 and A=15.5 vs. 

C«16.4, respectively. 
DISCUSSION , * 

In order to test whether there are any differences in the linear 

densities of labelled ee*ll« between the two retinae of normal fish, 

Student's *t-tests were executed on the individual data from four fish. 

None of these ratios reached statistical significance (F(l,46)-2.46, 

p>.001; (F(l,32)-.020, p>.001; F(l,54)*8.4&, „p>.001, and (F(l,4O)*.90f 



p>.001, for 6A-D respectively)- This result indicates that if intact 

fish are sacrificed one day following Intraocular administration of 

tritiated thymidine, there is no difference in density of labelled cells 
* < 

between the GC/OFLs of a single fish. Furthermore, surgical 

intervention does not seem to affect normal labelling patterns.« 

Finally, although differences between fish are relatively high, 

differences between the two eyes of a single fish are not significant. 

Therefore, a comparison between a pair of equivalent retinal sections 

from the same fish is a valid method for analyzing possible modulatory 

effects of unilateral axotomy of optic fibers on cell proliferation. 

When each ratio (r^ between two equivalent 1 sections was converted 

to its In value (lnrj.) ±n the intact control group, a total of 90 

comparisons yielded a ln<R> value of -0.2039, with.a SE of 0.056. 

To test thHPypothesls that the density of labelled cells varies as 

a function of time following,axotomy, an ANOVA was run^cross the ln<R> 

values from the intact and six experimental groups (D5, D10, D15, D20, 

D25, D35, and D50). The linear density of labelled cells varied with 

time following unilateral optic nerve crush (F(7 ,716)a*94.7l7, p<.00l). 

Individual Student's t-tests were calculated to determine the source of 

the difference. . •*. 

A significant enhancement in cell proliferation was seen in the 

GC/OFL of the axotomized retina as early as 5 days following ONC (see 

Figure 7). Analysis of 112 ^observations from five fish showed that 

ln<R>*1.0985 with a SE*of 0.053. A similar result was seen 10 days 

following nerve crush (see Figure 8). The value of ln<R> was 1.0993 
0 

with a SE of 0.048. For these five fish, a total of 111 observations 
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were recorded. T-tests revealed no difference between D5 and D10, 

(F(lr22l)=2.23, p>.t)01), but both were significantly different from the 
\ 

Intact control (F(l,200)=*281.57, p<.001 and *F(1,199)=316.8, p<.001, 

respectively). By D15 the difference in labelling densities between the 

axotomized and control retinae had begun to decline. Six f̂ ish were 

examined, resulting in 117 individual lnr± values (see Figure 9); by Eq. 

4', ln<R>*0.4872 with' a SE=0.037. Twenty days following axotomy 

appeared similar to that seen at D15 (see Figure 10). The ln<R> value 

for the 77 observations on 4 fish was 0.5213, SE=0.064. " There were no 

differences between labelled cell ratios at t days , 15 and 20, 

(F(l,192)s=»0.24, p>.001). Both, however, were statistically different 

from normal (F(l,205)=111.94, p<.001 and F(l,165^=73.4, p<.001, 

respectively), and from the results seen on days 5 and 10 (D5 vs D15: 

F(l,227)-90.4, p<.001; D10 vs D15: F(l,22'6)=103.4; p<.001; D5 vs D20: 

F(l,187)-48.7, p<.001; D10 vs D20: F(l,186)=55.2, p<.001). By D25, 

labelling in the GC/OFL had appeared to return to normal levels (sdfe 

Figure 11). Of the four fish analyzed, 73 observations were tabulated." 

A ln<R> value of -0.0898, SE»0.052 was calculated, which was not 

different! from normal values (F(l,16l)=2.13, p>.001). At 35 days 

post-surgery, 77 ratios were.gathered from four fish, resulting in a 

ln<R> -value of 0.0792, SE-0.073 (see Figure 12). This result was not 

different from that seen on D?5 (F(l,148)-1.53, p>.001). Finally, at 50 

days following axotomy, an ln<R> value of -0.0445, SE«0.067 was 

calculated .(see Figure 13) from four fish. This value was not distinct 

from that seen on*D35, D25, or normal animals (F(l,142)*J .54, p>.001, 

F(l,l18)-.29,9 p>.001, and F(l,155)»3.35, p>.00l, respectively). 

> 
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In^Figure 14A, a summary of these results is presented... The,, 

abscissa is marked by days following unilateral optic nerve crush. The1' 

right ordinate is the mean value of"the ratioes'(axotom'i%ed:eontrol) of 

labelled cells (<R» and the left ordinatefis the value of ln<R>. In 

brackets, the number of observations, .followed by the number of fish 

examined.are presented. Error bars represent the standard error of 

ln<R>. . . r - ' 
U V 

* * * 

The major conclusion from these data is - that optic nerve crush 

affects -the normal numbers of ceils incorporating ^H-TdR in-the GC/OFL 
l 

la^er. The magnitude o£j the difference is dependent upon the >t lint* 

following axotomy. As , early as five^days following axotomy, enhanced 

thymidine incorporation into new DNA is evident in. the GC/OFL of the 

axotomized retina. The enhanced linear- density of labelled.eel Is 

remains high for up to 10 days following"axotomy, then gradually returns , 

to normal levels. , " • 
, ' " •» 

The linear density of labelled cells appeared to* increase in the 
t i 

more central topographical regions. An additional ANOVA was executed In 

order'to determine.whether ln<R> differed significantly as, a function of 

topographic location. Data were grouped into peripheral % middle', and 

central locations (resuHing in three ln<R> values for each fish) and 

analyzed across .times following axotomy." Significant tllffejrencos were 
t t 

seen between groups at various post-operative periods (F<7,28;»6.8?7, 

p<.00l), and between topographical location (F(2,5f>)»8.8<»3, p'.fKH). 

This difference is a reflection of the increased thickness of the GC/OFL 

in more central topographical regions. There were no reliable 

interactions (F(14,56)*2.368, p>.001). 

•it 
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Absolute identification of the cells involved in these events has 

not been made, although ultrastructural observations suggest that they 

are non-neuronal in nature (see Figure 15). Evidence for this claim 

will be presented J.n a description of the somal morphology of the 

< labelled cells * 

-

EFFECTS OF OPTIC FIBER AXOTOMY pJĵ CELL PROLIFERATION IN THE 
GC/OFL EXAMINED 30 DAYS AFTER THYMIDINE INJECTION 

• To examine what proportion of the initially labelled cells retains 

the label in normal fish, four fish were injected intraocularly with 

3H-TdR and returned to their tank. One month later, they^were processed 

for light microscopic autoradiography as described above. To assess the 
s 

teffect of optic nerve crush on cell proliferation examined 1 month 

following 3H-TdR injection, bilateral injections were performed on fish 

at various post-operative periods: 5, 10, 15, 20, 25, or 50 days » 

following unilateral ONC. Four fish were examined in each group, with 

the exception ofj25 days in which 3 fish were recorded. One1 month 

later, these fish were sacrificed and processed as desdribed above. " 

* RESULTS ' • 

a. Normal (GC/0FL-N(LS)) 
7 

A i 

One month following intraocular thymidine injection, no differences 

are seen between the two retinae of a single fish. The mean linear 
4 

t 

densities of the number of labelled cells/10 mm are A^.O vs. C-6.1, 

A-10.7 vs. C-10.6, A-38.6 vs. C»33.1, and A=1.3 vs. ' C»1.0. 

b. Five Days Following Unilateral Optic Nerve Crush (GC/0FL-D5(LS)) 
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Five days following unilateral axotomy, more tagged nuclei are 

found in the GC/OFL of the axotomized retina, when fish are sacrificed 

30 days after 3H-TdR injection. For two of these'fish, labelling is low 

as can be seen by their mean linear densities of A=2.0 vs. C«l.6 and 

A=2.5 vs. ^C=1.6. The label appears evenly distributed across 

topographical regions. In two other fish, the linear densities of 

labelled cells are slightly higher (A=9.3 and C=3.9). The mean linear 

density of labelled cej*s/10 mm is higher in the GC/OFL of both retinae 

in the peripheral retinal regions and decreases toward the more central 

regions. In the last fish of this post-operative group, a different 

topographical trend is evident. In the GC/OFL of the axotomized eye the 

density of label increases in an almost linear fashion from peripheral 

- 'tcfc, central retina, while in the non-axotomized .eye, the density of Lhe 

- labelled cell population appears to remain constant across tshe 

topographical gradient. The mean linear densities for this fish are 

A=57.0 and C=14.9. 

f 

c. Ten Days Following Unilateral Optic.Nerve Crush (GC/OFL-D10(LS)) 

The number of labelled cells/10 mm is low in all fish examined ten 

A f 

days following axotomy. Frequently, no labelled nuclei are seen in a 

section. No topographical gradients are evident. No consistent 

differences in labelling density between the axotomized and control 

retinae are seen. The mean linear density Measures for these fish are 

A-2.5 vs. C-5.1, A*0.8 vs. C-0.5, A-4.6 vs. C-8.9, and A»8.9, vs. 

C»l'3.6. 
* • 

i 

d. FLfteen Days Following Unilateral Optic Nerve Crush (GC/OFL-DIHLS)) 
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* A similar result to that seen at D10 (GC/0FL-D10(LS)) following 
tor 

unilateral axotomjr is found 15 days following crush. In two of W e fish 

examined, labelling, is low as is evidenced by mean linear densities of 

A=1.4 vs. C=1.9 and A-0.9 vs. 0=1.2* In these two fish, sections are 

often devoid of label. In another fish, the density of labelled cells 

in the GC/OFL of the axotomized eye is 28.1 labelled ̂ ells/10 mm, while 

an equivalent linear density is seert in the GC/OFL of the control 

(31.5). Both retinae appear to _have more label toward the central 

retinal regions. In the last fish, extremely variable labelling is seen 

in the GC/OFL of the axotomized eye. For example", in one section, 24.8 

labelled cells/10 mm are found, followed by a section in which only 2.9 

labelled cells/10 mm are present. For this fish, A=33.1, and C=13.7. 

e. Twenty Days Following Unilateral Optic Nerve Crush (GC/OFL-D20(LS)) 

9 

No consistent labelling pattern is seen between the axotomized and 

control GC/OFLs across these four fish. No clear topographical gradient 

is evident. The mean linear densities areA=15.7 vs. C=10.0, A=8.9 vs. 

C-14.8, A-1.5 vs. C-l.l, and A=8.6 vs. C=17.5. 
- ' V 

f. Twenty-five Days Following Unilateral Ô t'ic Nerve Crush 

(GC/OFL-D25(LS)) 

Although labelled cells are present in every section examined, no 

consistent patterns are evident within or between fish. In one fish, 

labelling was linear across all topographical regions, A»3.4 and G8*?^. 

In another fish, more labelled nuclei are found in the most central 

regions as compared with the more peripheral regions. More labelled 
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cells are seen In the GC/OFL of the axotomized eye, A*«31.2 and C-14.8. 

In the third fish, more labelled cells are evident in th,e .peripheral 

retinal regions. Labelling was higher in the control GC/OFL as compared 

with the axotomized GC/OFL, A=10.3 and C=29.2. 

g. Fifty Days Following Unilateral Optic Nerve Crush (GC/OFL-D50(LS)) 

Low linear densities of labelled cells are found in the four fish 

examined 50 days following axotomy. Many sections are devoid of 

labelled cells. There do not appear to berany topographical trends. 

The mean linear densities for these fish are A=1.8 vs. 0*1.1, A*0.8 vs. 

C=1.2, A=0.8 vs. C=0.8, and A=3.7 vs. C=5.4. 

DISCUSSION 

To examine whether there was any difference in labelling densities 

3 between the two eyes of intact fish, examined 30 days following *H-TdR -

lnjectltin, Student's t-tests were performed. Linear densities between 

the two GC/OFLs of the intact fish were not statistically different 

(F(l,31)=1.28, p>.001, F(l,40)=.03, p>.001, F(l,42)-5.06, p>.00l, and 

F(l,ll)=2.22, p>.001, ' respectively). There is one qualitative 

observation that should be noted at this * stage. In addition to the 

lower linear densities seen 1 month following injection (as compared 

with 1 day following injection), the density of silver grains per 

nucleus Is obviously lighter at the 30 day survival period as compared 

with the 1 day survival period. The criterion for a labelled cell 
if 

employed in these studies Is 10 silver grains per nucleus. In most • 

cases it was necessary to count all 10 grains to insure that the 

criterion was met. On the other hand, this is rarely neceaaary in the 1 
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day survival group because on average 50-150 grains are visible, often 

completely masking the nucleus (see Figures 43 and 44). 

Optic nerve crush exerts a clear modulatory effect on GC/OFL cell 

birth when the survival period following*thymidine injection is 1 day. 
i , 

One month following JH-TdR "administration, the results are more 

variable. In order to test whether 1n<R> values differed reliably 

across times following axotomy\, an ANOVA was run across the 7 groups 

(normal, D5, DlO, D15, D20, D25, D35, and D50), The results indicated 

statistically 'significant differences (F(6,392)=125.87, p<.001; see' 

Figure 14B) as a function of days following-axotomy. The ln<R> value 
f ' 

for the 59 observations on four normal fish was 0.0245. SE=0.063. By D5 

• • " / 
a significant increase in labelled cell number was found fn the 

axotomized retinav(ln<R>=0.7046, SE=t).104) when compared with the-intact 

group, F(l,114)=!31.6,"p<.001. Fifty-seven observations from four fish 

were compiled for thia result. From the^55 observed ratios takfen frota 

four fish at 10 days post crush, a reversal was.seen, with more tagged 

cells in the control GC/OFL (ln<R>=0.4746, SE=f).093). Tha ln<R> value 

found at DlO was significantly different frdm that seen in intact 

(F(l,112)»20.1, p<.00l) and D5 (F(l,110)=70.9, p<.001) fish. At D15, 68 

observations from four fish showed that normal values, were reached 

,(ln<R>»0.1171, SE-0.096). The ratio of the linear densities seen on D15 

was statistically different from that seenoeither at D5 (F(l,123)»17.22, 

p<.00l) or D10 (F(l,l2l)«19J.01, p<.001)}" but not from that found in 

intact fish (F(l,125)=»0.61, p>.001). The^67 observations tabulated on 

D20 showed that more labelled cells were found in the control retina 

(ln<R>—0.2451., SE-0.092). This value was distinct from' x D5 



' * I 

a* 

t 

50 
4, 

(F(l,122)=46.79, p<.001), but not ' from normal, DlO, or D.15 

(F(l,124)=5.48s p>.001, F(l,120)=2.99, p>.001„ and F(l,113)-4.71, 

p>.001, respectively). At D25 (6!L*observations from 3 fish) and D50 (32.. 

observations from 4 fish), similar results to those seen on D20 were * tt, 

found (in<R>--0.2949, SE=0.160; ln<R>=-0.1134, SE-0.129, respectively). 

Student's t-tests showed1 no differences between D20. and D25 

(F(l,126)=0.08, p>.001), D20 and D50 (F(l,97)=0.67, p>.001), or D25 and 

D50 (F(l,91)«0.58, p>.001). These results are graphically portrayed in 
* * r ' 

Figure 14B. According fto the results o,btainpd
f from multiple t-tests, 

norma,l=Dl5=D50 and D10=D20=D25=D50, one can reasonably conclude that the 

• * „ " v » 

only experimental time different from control (and by extrapolation all 

other groups) is D5. 

To test whether labelling * densities Varied with topographical 

location, an ANOVA was performed. There was no reliable difference as a 
El 

result of time following nerve crush (F(6,2Q)=,2.291, p>.001) when all 

observed ratios were pooled into topographical location. No difference 

was vseen between topographical regions (F(2,40)=2.574, p>.001) and no 

interactions were evident (F(12,40)»1.032, p>.001). 

In addition to ;the lighter grain density over individual nuclei 
a i 

that is found 1»month following thymidine injection, labelling in this 

particular layer is sparse and relatively capricious. Many sections are 

devoid of any labelled cells. The labelling pattern in this 'lamina Is 

not« particularly consistent across the later time intervals. This la 

manifest in the statistical analyses, as there are no differences found 

between the later experimental groups. However, an interesting feature, 

is the retention of label at the earliest time examined (Day 5). - This 
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suggests the possibility of two distinct populations of cells located in 

, the GC/OFL, one of which becomes post-mitotic shortly after axotomy and 

one of which undergoes further cell generation cycles. Whether this 
a 

represents a neuron-glia dichotomy or two types of non-neuronal cell 

populations is unclear. x1. 

Although an ANOVA does not show any difference across topographical 

domains, there appears to be a tendency toward heavier labelling in the 

more peripheral retinal regions. This "probably reflects activity, 

occurring in the ora terminalis at the time of injection. One month 

following administration of the radioisotope, those cells originally, 

incorporating the tracer have been displaced by the newer germinal zone. 

Hence, the older ora terminalis, which is now labelled J occupies a more 

central position. 
«•, 

ULTRASTRUCTURE OF LABELLED CELLS IN THE GC/OFL 

Cells that incorporate the tritium-labelled pyrimidine * base, 

thymidine in the GC/OFL appear to be uniform in character (Figure 15). 

The nucleus is irregularly shaped and occupies most of the area of the 

perikaryon leaving' relatively little cytoplasm (Figure 15C). The , 

nucleus is composed of densely stained material arranged in grarfular 

clusters. There are however, multiple cytoplasm-filled processes giving 

the overall cell morphology a multipolar appearance (see 'Figure =15D). 

These processes are associated with bundles of small (0.05- 0.10,um) 

diameter fibers passing through the region, often partially encircling 

4 

them. The*cytoplasm contains clusters of free ribosomes and often large 
* **• 

(0.5 urn) residual bodies are seen. Mitochondria are often found within 

the plane of section through tfce cell (see Figure 16). 
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The above ultras true tural features "suggest that these cells are not 
i 

retinal ganglion cells. ,Retinal ganglion cells contain •» a centrally 

- located nucleus, usually round or pear-like in shape. .Using routine 
\ 

i 

electron microscopic staining, one can see that the nucleus stains in a 

gjranular fashion, but, not nearly as densely as the ^H-TdR labelled cells 

described here8^The ganglion cell soma is usually ovoid with a dendrite 

directed into the IPL. The .cytoplasm is sparse and contains rER present 
J 

' it. 

«. as single profiles rather then parallel arr-ays«• Free ribosomes are 

present but no€ In large quantities (Murray & Forman, 1971), 

The second point, therefore, is that the labelled cells described 

s 

here are mos't likely non-neuronal. Murray and Forman (1971) showed that 

Un goldfish, 6-14 days following axotomy, glial cell bodies within the 
c 

gangilpn * cell layer are more common. They state, however, that mitotic 

figures were never s*een in' the retinal ganglion cell layer*. Since 

thymidine is a DNA precursor^ and is so avidly incorporated by these 

— - cells the last statement is probably a reflection of their sampling 

procedure and not the actual state of events. Figure L6 illustrates one 

of these cells captured during nuclear division. This ultrastructural 

»**• characterization is/purely descriptive. To confirm the identity, of 

these cells, immunocypological techniques (eg. glial fibrillary acidic 
protein (GFXP)) would have; to be employed. However, from the cell 

& 
location, nuclear characteristics, and cytoplasmic constituents, one can 

argue convincingly that the labelled cells are not retinal ganglion 

\v* *** •*. •**-* s~y •» £L 

. > 



53 

Figure 6. Topographical Distribution of the Linear Density of' 

Labelled .Cells In the GC/OFL- Normal, Short Survival 

In this, and ail subsequent series of graphs drawn from individual ffsh, 

the following conventions apply: The abscissa refers to the section * 

number (i), which in biological terms * is tne topographical gradient, 

* r 

where section 1 is the most peripheral retinal ring (excluding the ora 

terminalis) and progressive sections refer to progressively more central 

tissue. Each fifth section represents a retinal ring approximately 80 

um from the previous ring. No equatorilR section with a circumference 

of less than 5 mm is Included. The upper ordinate is the average number 

of labelled cells"/10 mm of circumference. The lower ordinate reflects 

the actual '-circumference examined (mm). The term "short survival" in 

the title refers to a'1 Day survival interval following ^H-thymidine 
» **• 

injection. In this Figure, the dashed line represents the right eye, 
while the solid line represents the left eye.* 

A. This fish received a sham-right optic nerve crush. The left optic 

nerve was left intact. 

B. This fish rece'ived a sham-left optic nerve crush. 

C. and D. The retinae from two intact fish are depicted in these 

graphs. / 
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Figure 7. Distribution of Labelled Cells In the GC/OFL- (D5, SS) 

In these Figures, the conventions described in Figure 6 apply. However, 

in all cases, the dashed line represents the axotomized eye and the 

solid line refers to the intact control. 

Five fish (A, B, C, D, and E) received unilateral optic nerve crush 5 

days before 3H-TdR injection. They were sacrificed 1 day after 

Injection. Noie the change in the ordinate for C, D, and E. / 
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Figure 8. Distribution "of Labelled Ceils in the GC/OFI,- (DIO^ SS) 

A, B, C, D, and t . These fish received bilateral *H-Tdr injections 

fifteeil days after unilateral 'optic nerve crush. They were saerMiced 1 

day later. 

0 

0 
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Figure 9^ Distribution of Labelled Cells in the GC/OFL- (D15, SS) , 

A,' B, C, D, E, and F. These fish received unilateral optic nerve 

axotomy 15 days prior to 3H-TdR injection. They were sacrificed ?A 

hours after the injection. 
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Figure 10. Distribution of Labelled Cells in the GC/OFL- (D20, SS) 

Twenty days following unilateral optic nerve crush, these four fish 

received bilateral 3li-TdR injections. They were sacrificed 1 May later. 

^ 
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\ 

St 

"Figure 11. Distribution of Labelled Cells>in. the QC/OFL- (D25, SS) 

A, B, C, and D. These fish received bilateral injections of H-Tdr % 
' • 1 * 

twenty-five" days after unilateral optic "nerve " crush. They, were 

sacrificed 1 day later. " 
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Figure 12. Distribution of Labelled Cells in the GC/OFL- (D35, SS) 

Thirty-five days after unilateral optic nerve crush, these fish received 

bilateral injections of JH-TdR. They were sacrificed 24 hours later. 
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Figure 13. Distribution of Labelled Cells In the GC/OFL- (D50, SS) 

Fifty days after unilateral optic nerve « crush, these fish received 

»> . J 

bilateral injections of JH-TdR and were processed for light 
* 

autoradiographic examination 1 day l a t e r . 
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Figure 14. Time Course of Changes in Cell Proliferation in the 

GC/OFL During Various Post-operative Periods Following Unilateral 

Optic Nerve Crush 

In these Figures, the markings on the abscissa denote the days following 

unilateral axotomy. The ordinates represent the mean value of the ratio 

of labelled cells (axotomized:control) (<R» on the right scale and the 

natural logarithm of <R> (ln<R>) on the left scale. In brackets are the 
at 

number of observations compiled, for each post-operative period followed 

by / the number of fish from which the individual ratios are taken. The 

error bar&lft-epresents the standard error of the ln<R>. 

<> 

A. 1 Day Following Thymidine Injection: When animals are sacrificed 1 

day following injection of tritiated thymidine, there is a clear 

enhancement in the number of cells incorporating the isotope as early as 

5 days following axotomy. This level of labelling remains elevated at 

DlO. At D15 and D20, enhanced labelling is still, evident in the 
•r 

axotomized GC/OFL, albeit to a lesser degree. By 25 days and onward, no 

differences are seen between the two retinae. 

B. 30 Days Following Thymidine Injection: When animals are sacrificed 1 

month following administration of tritiated thymidine, there Is an 

enhancement in cell labelling in the axotomized GC/OFL 5 days following 

axotomy. By DlO a reversal is seen, with more tagged nuclei in the 

control GC/OFL. At 15 days following crush, no differences,bflfteen the 
•#" y 

two is evident," although there appears to be decreased labelling in the 

axotomized retina at D20, D25, and D50. Statistical analyses reveal 

that at these experimental times the densities of labelled cells are* 

equivalent. 
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Figure 15. Ultrastructure of Labelled Cells in the GC/OFL 

A. A light microscopic autoradiograph illustrating the laminar location 

of a labelled cell (arrow). This fish received a nerve crush 10 days 

prior to injection ^withl tritiated thymidine, and was sacrificed 1 day 

later. Calibration bar: 25 ua. *> 

B. Higher power micrograph of the identified cell. Calibratidnobar: 101 

jum« 
flQfi. 

C. Electron micrograph of the same labelledwcell identified in A and B. 

The nucleus is irregularly shaped and occupies a large proportion of the 
J * * 4 ' 

cell soma.t Mote the cytoplasmic process near the top,, of, the micrograph. 

This process appears ,to surround the small fibers ' in the regioif. 

Calibration bar: 1 um. —t *.. ' - • ^ » 
' ' a . o ' 

• .** • - ' **' 
4 «*V • 

'» " -I 

"S $ 

«t 

i „ 
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Figure 16. Ultrastructure of Labelled Cells in the GC/OFL 

A. An light mlcroscoptic autoradiograph illustrating the location of 

the tritium tagged cell (arrow). Calibration bar: 25 jam. 

B.< Higher power micrograph of the labelled cell. Calibration bar: 10 

jum. 

C. Electron micrograph of the same labelled cell identified in A and^B. 

This cell appears to be caught in the process of nuclear, division. 
i - » 

Calibration bar: 10 jum. , - k 

* 

D. Higher power micrograph of the region delineated by the arrows in C. * 

> 
The arrows emphasize the regions not yet separated. Calibration bar: 

0.*j jum. 

* 

't 
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IV. CELL PROLIFERATION IN THE RECEPTOR CELL LAYER • 
* J i 

* °" * o 

Preliminary studies revealed that the GC/OFL was not the only 

retinal lamina whdse normal cell birth pattern appeared to be modulated 

.following optic fiber axotomy. Although there was no apparent 
X a. ^ 

modulation of cell proliferation in the INL, JH-TdR incorporation in the 

ONL appeared tb be selectively affected by axotomy of retinal ganglion 

cell axons. The pattern of this modulation was examined 1 day or 30 
f 

days following injection of /H-TdR. ^ 

i 
EFFECTS-^OF OPTIC FIBER AXOTOMY ON CELL PROLIFERATION IN THE ONL 
EXAMINED 24 HOURS AFTER THYMIDINE INJECTION 

Four normal fish received intraocular injections of %-thymidine 

and one >diy later, their retinae were,processed for light mlcroscoptic 

autoradiographic examination as described in general procedures. 

Unilateral, ONC's were performed on 32 fish. At various 
* * •* 4 1 

post-operritive periods: 5, 10, 15, 20, 2*5, 35, or 50 days later, 

bilateral ? JH-TdR injections were administered. One* day following 
<• 

Inaction, the fish were processed for light microscopic autoradiography, 

as described in general procedures. * •», 

, Ultrastructural observations were made.to characterize the identity 

of the cells labelled wl«4* %-TdR. 
a- O 

0 , * * < 
O 

RESULTS .'". ''"''**' 
t> ' « 

• a. .Normal (0NL**J(SS)j> ' • * ' % * * ' ' 

s> <S 

In FigurV. 17, Individual data from four fish examined 24 ho'urs 
0 ' 4 ' 

1 ii 

following .thymidine admlnijffcration are presented* The' graph In 17A 
4J& \ * 

represents a fish that underwent v> a sham-right optic nerve crush. 
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Although there is some variability, differences between the densities^of 

labelled cells in the receptor layers of the two" retinae are minimal. 

The' mean linear densities for this fish are A-40.9 and C-37.9. A less 

severe version of this distribution is seen in Figure 17B, where this 

fish received a sham-left optic nerve crush. The labelling is similar 

between the two retinae as is reflected by^the mean linear densities of 

A=34.5 and C=38.1. The higher overall numbers of labelled cells in the 

° earliest sections are probably indicative of some remnants of the ora 
r •.••'•-•.,.•* 

s 1 * 

terminalis. ' Although the germinal "2one was selectively omitted from 

, cell counts, the first few sections off the block may be obliqiieXwi th 

re&pectl to the equatorial axis, and thus contain Ismail, regions of the 

»more densely tagged regions. Regardless of the topographical patterln, 

it "is clear „that overlap is almost complete between the two eyes of a 

single "fish. In Figures 17C and 17D, two intact iish are depicted. 

Their mean linear densities are A=a12.'i vs. C-13.6 and A*33.1 vs, 

C-32.8. For these two fish, there is uniform labelling acrosfi the 

entire topographical region.^ Fluctuations appear minimal. The germinal 
\ * , A 

zone apjpears. to-have been entirely excluded. ^ 

b. Five Days. Following Unilateral ,Ojh:ic Ntyrve Crush (tfNIH»(5S)j 

In Figure 18, the .individual graphs from rt fi^w that received* 

unilateral ONC's followed by JH-TdR. injections and jific'rific'vft l*> day 
* " ' * * "^ 

plater, are represented. - Tn general, » fclifere do not ^appear to be- any * 
• * ' . > » • * N \ ; 

^regular trends with regard to lab.elj.ing patterns withfn the two eyes of 

an individual fish, although there are consistent patterns across fish. 

"In Figure 18A, with the exception* of^the first three section? uxamined, 

a. i *i > 

' 0 ( 

'4 
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labelling appears to be quite uniform between"the two eyes of this, fish. 

There is a clear decreasing function as one moves from peripheral ' 'to 

central retinal regions. The mean linear densities for this fish ane ̂  

94.1 (axotomized) and 74.7 (control). The fish represented in Figure 

18B has a much greater degree of variability both between sections and 

between eyes, although there is a tendency for a j$re»fcejr degree of 

labelling in the axotomized receptor layer. For this fish A=165.5, and-

C*135.6*T The labelling distribution appears linear In Figure 18C, the 

pattern of labelling across topographical regions is similar' to tfrat 

, seen in 18A. In the most central' regions1 examined, mote labelled 

cells/10 mm are present both in the control and axotomizea* receptor 

.layers. Differences between th)? two eyes are not apparent (A-119.7 and 

C»13^.3). Again, the graph ofjtfia fish represented in 18D resembles the . 

topographical distribution seen in both '«18A and 18C- initially high 

labelling activity, followed by a decreased amount of labelling as one 

moves from peripheral <? to central territory. In 18D, "however, 

differential labelling between the two retinae is more pronounced,, with 

a higher proportion -of tagged nuclei in the axotomized receptor 'layer 

(41.7 labelled cells/lO.nm) as compared with the control (32.4 labelled 

cells/10 mm).. In Figure iSE, the final fish in, this post-operative # 

group is depicted'. There is a high degree of fluctuation both within a 

single retina-across the topographical plane", and, between the two 

retinae. For this fish. A-85.9 and C«9t1r.3. „ 

c. Ten Days Following Unilateral,Optic Nerve Crush (OflL-DlO(SS)) •" -
n \ * ' „ 

* / 

Ten days following unilateral axotomy is the only . post-operat;tve 

- ' . '*' 

. if . 

'( -..X 
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period where consistently more' labelled "cells are» found in the 

photoreceptor' layer of the crushed eye. In Figure 19, -the five fis'h 

examined at this experimental time" are illustrated% In Figure 19A, 

there is a clear difference in the linear densities of labelled cells 

between the two retinae. The mean number of labelled cells/10 mm in the 

axotomized retina is 73,7, while only Z2.7/10 mm retinal circumference 

» 

are located in the control eye. This reflects an enhancement Of 

labelled cells as a result of optic nerve crush in the receptor layer. 

For this fish", * topography does not appear to be a factor in the 
„r * •*• • • * 

labelling pa'ttern. In Figure 19B, a similar resu.lt i,s found-
"•to > 

consistently *more labelled cells In the receptor^ lamina of* the 

axotomized eye (A-72.5 and C-26.6). The function is U-shaped, with",a 

higher density of tagged nuclei in the more\peripaeral and central 

regions examined. For "the fish denoted in Figure 19C, -ther> are more 

labelled'cells in the ONJ.. of the axo'tomized retina. There is no overlap 
<> t , c « 

between retinae.. This ĝ apl̂  illustrates a decreasing curve, with some * 

- degree .of variability between sections of the same .retina." ̂-Tlio, mean 

linear densities for this fish are A=87.1 and 0*33.0. In Figure 191), 
, 0 ' ' ' 

more labelled cells are found in the" experimental receptor cell layer 

(A-110.8 and C*73.1), although there is more "overlap than was ,„seen; in 

19A-C. .Note the change in scafe on the ordinate ,£or Figure I9w. The ' 

function is clearly asymptotic. In 19E, the last fl«h, from this |, , 
' * * e » 

•> • , » „* 
«• i \ u I IB. 

post-operative period is depicted, greater variability ifi evident in" 

this graph, but the overall -trend Is the same- more labelled cells in-

the ONL of the axotomized eye (A-68.4, C-46.2). There does not appear 

to b« .any correlation between labelling density and topographical / 

F*" ' > * ' * ' , / * 

"4 

:* 
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position. •* ^ J ' ' 

The fish presented here illustrate the modulatory effect of nerve 

crush on the photoreceptor lamina of the retina. Ten days following 

unilateral axotomy is the only post-operatiye period ..where consistently 

more labelled cells are foynd in the photoreceptor'layer of the crushed 

eye. As will be presented in the next sections, other modulatory trends 
«. * 

are evident, but with the opposite polarity. *. 

d. Fifteen Days Following Unilateral Op t ^ Nerve Crush (0NL-D15(SS)) 

& Fifteen days following unilateral axotomy, overall, there- appears 

to be a slight suppression in the number of tagged cells in the crushed 

/eye. In Figure 20A there is a clear asymptotic curve for both eyes; 

• little difference in the density of labjelied cells is apparent. The 

^'mean linear density for the axotomized eye is 49.3 labelled cells/10 mm, 

while In othe control eye, 55.8 labelled cells/10 mm are seen.' In 
o * „ 

* • Figures 20B and 20C, minimal differences between the two retinae are 

, evident-. There is a small tendency toward more tagged nuclei in the ' » 
i - t 

' • / '* 

4,x peripheral retinal regions.. The mean linearadensities are A"25.9 vs. 
,C*31.9' and A»14.9 vs. ,6*15.. 4, res pec 11 ye iy. Tfte labelling pattern 

_ , \ ' lndlca.teB inf Figure 20F, is .irregular. » There is a some variability 
* « * i"» ' ** <« •* i" * " "" ** 

; . f beti*feen flections and there spem to be more labelled cells in the . 
' / „ - ' ' , ' ' * . ' " • • * 

, , npnaxotomlzed photoreceptor lamina as compared with the axotomized ONL 
1 i. *» • » '' ' . 

(A"22.2*, 0-48.1). In Figures 20E and 20F, a clear reversed "trend is 

. " seen (note the ̂ change in scale in-the Y-axis)'. In Figure 20E4,,the mean 

number of, Labelled cells/10 mm in the'ONL of the axotomized eye is 64.9. 

4a 

i3.x '* 
> > 

The taverj|ge number of labelled cells/lO mm in the control side is i08.2.
J 
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A clear topographical trend is evident. In Figure 20F, a differential 

labelling pattern is also evident. Leds labelled cells In the ONL of 

the 'axotomized retina are present. This curve appears U-shaped in 

conformation. The mean number of labelled, cells in the. axotomized eye 

is 108.7, while in » the control eye 185.4 labelled dells per 10 mm is 

seen. This suppression of labelled ceils in the0 axotomized receptor 

lamina appears to be consistent for the, next 10 days following, axotomy. 

e. Twenty Days Following Unilateral Optic Nerve Crush (ONL-D20(SS)), 

\ 
c 

m 

Twenty days following axotomy, more labelled cells are evident in 

the photoreceptor layer of the Intact eye as compared with the 

photoreceptor layer of the axotomized eye. In Figure 21, the individual 

data from these four fish are presented. In these graphs it Is clear • 

that there Is little overlap between the labelling patterns in the two 

oeyes. The mean linear densities for these fish are A-132.6 vs. » 

C-275.9, A-142.2 vs.. C«247.8, '.A-26.6 vs. ' C-41.6, and A-52.3 vs. 

C-74.9, for A-D,. In Figure 2IA, a relatively linear pattern is seen for 

both ey^s. The topographical * location does not appear to have a 
* °* 

selective influence on labelling pattern. The retinae represented in 

Figure'21B-D appear to have a higher density of labelled cells in' the 

" peripheral retinal regions. As one moves toward more central retina, • 

' labelling decreases. The relationship between the intact and axotomized 

layers remains consistent. 
i 4 A 

f.' Twenty-five Days " Following Unilateral Optic Nerve Crush 

,(ONL-D25(*SS)) " ' 
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A similar labelling distribution to that seen at D20 (0NL-D20(SS)> 

is witnessed 25 days following axotomy, when fish" are sacrificed 1 day 

following - injection of* 3H-TdR. More labelled cells are found in the 

Intact ONL as compared with the axotomized side. In/ Figure 22, these 

four fish are represented. In generalsmore L̂abelled cells are found in 

• the more peripheral retinal regions, although there is - an occasional 

increase in central retina (eg. Figure 22A and 22C). The mean linear 

densities of the number of labelled cells/10*mm*in the axotomized eye as 

compared with the control eye for these four fish are A-7K2_vs. 

C-99.7, A-113.5 vs. C»222.5, A=>68.2 vs. *C=132.0, and A*=37.7 vs. 

C-80.3. . ' 

g. Thirty-five Days Following Unilateral Optic Nerve Crush 

(ONL-D35(SS)) 

Thirty-five » days following unilateral^ ONC, when fish are 

bilaterally injected with tritiated thymidine and safcriflced one day 

later, the resultant labelling pattern in the photoreceptor layers, of 
* 

the two retinae appears,like that of an intact animal. In Figure 23, 

four such fish are presented (see Figure 17 for comparison). Although 

there Is slightly more variability (Figure 23C and 23D), the overall 

pattern is similar. A higher number of labelled'cells'is seen in-the 

more peripheral retinal zones; this function decreases a*a one moves to 

more central topographical regions. The mean linear densities of the 

axptomlzed and contr.ol retinae for these four fish are A-17.4 vs. 

C-19.2, A-44.6 vs. C-39.1,, » A 4 O 8 . 7 «*vs, C-146.$, and A-195.0'^«. 

C-156.5. ' " • * . • 



h. Fifty Days Following Unilateral Optic Nerve Crush (0NL-D50(SS)) 

f, By 50 days following unilateral axotomy, little difference between 
i a t ' 

the labelling pattern in the two retinae are seen. In Figure 24, these 

fish are illustrated. All display a decreasing or asymptoting function, 

with close association between the two eyes. For these fish: A*28.2 vs. 

C=22.1, A=14*5 vs. C=15.9,"A=55.4 vs.. C=45.8, and A-58.5 Vs. C-58.8. 

V 

DISCUSSION * , ' 

The first question I( tested is whether there
 ris a difference In 

cell proliferation between the ONLs of the two retinae of intact fish. 

In the receptor cell laye£ of the control fish, no differences were 

found between the retinae o°f either the intact or the sham-operated ( 

animals. The ln<R> for intact fish was*1-0.1017, SE-0.061. Individual 

Student's t-tests'between the two retinae of a single fish did not 

result in significant differences (F(l,46)«0.28, p>.001, F(l,4O)-0.03, 

p>.00l/ F(l,53)»0,83, p>.00i, and F(l,33)»0.06, p>.00l). As was seen in 

the GC/OFL, H-TdR injection and surgical intervention did not 

differentially affect the numbers of cells which incorporated t\u\ 

tritiated thymidine within an individual fish. Again, however, the 

variability between fish was evident. There also appeared 4.0 be a 

tendency towards higher overall labelling in the more peripheral retinal 

regions examined. This is likely carry-over from the ora terminal is. 

To test the hypothesis that the density of labelled cells is 

modulated following unilateral optic nerve cruHh, an ANOVA was run 

across experimental groups. In Figure 25A, these results nr* presented. 

An analysis of variance reunited in a clear eflecr of time U,\lowing 



85 

fcrush on the" ratios of, labelled cells in the receptor laminae 

(F(7,716)»66.065, p<.001). Student's t-tests were performed to locate 

the source of \the difference. 

Five days following nerve crush, there was a slight increase, in the 

average number of labelled cells/10 mm in the axotomized photoreceptor 
a-

layer. When the 112 observations gathered from 5 fish were aver#ged".*"* 

ln<R>»0.1013, SE-0.043. Student's t-test showed F(l,200)=*7.78, p>.001 

when compared with, the intact group. At DlO,, there was a clear 

enhancement of labelled cells seen in the axotomized retina, as compared » 

with the contralateral control. In 5 fish, 111 observational ratios 

were tabulated. The ln<R> value of 0.7636, SE=0.064 was statistically 

distinct from all other groups (Normal vs DlO: $(1,199)=*91.9, p.001; D5 

vs DlO: F(l,221)"73.6, p<.001)« Furthermore, this time following nerve 

crush was the only point at which the numbers of JlKFdR labelled cells 

in the photoreceptor layer are higher in the axotomized retina than in 

the control (see Figure 19). By D15 a clear reversal in labelling 

patterns was seen (see Figure 20). More tagged nuclei we're found In the 

control receptor lamina then in the equivalent axotomized layer. The 

ln<R> value for 117 observations on 6 fish was -0.4761, SE*0.058. This 

value was statistically different from normal (F(l,205)*19.18, p<.001), 

D5 (F(l,227^-63.0, p<.001), and DlO fl(F(l,226)«204.8, p<.001). This 

trend was consistent across the next four experimental windows. At D20, 

77 observations were tabulated from 4 fish (see Figure 21). The !n<R,> 

value of -0.5109, SE-0-.O58 was not, different from D15 values 

(F(l,192)«0.l9, p>.Q0l'), but was distinct from normal (F(l,l65}»28.09» 

p<.W1K »"*' CF(l,l»l)»9*f.06t ptT.OOl), and M«1 CF(l,l**)«244.10, p<.0M). 

6 * * 



Twenty-five days following axotomy, the suppressed level of labelling 

was still evident in the axo-tomized retinal ONL (see Figure 22). 

Significant differences were seen between D25 and normal 

(F(l,161)»55.65, p<.001), D25 and D5 (F(l,183)*156.25, p<.00l), D25 and 

DlO (F(l,182)=*280.2, p<.001), but not between D25 and either Dir» or 1)20 

(F(l,188)=6.55, p>.001, F(1,148)»8."29, p>.001). The ln<R> value 

obtained from 73 observations from 4 fish was -0.6827, S»0.042. "' 

Thirty-five days following ONC, ln<R>=~.22li, SE^.OHT which was obtained 

from 77 observations on 4 fish (see Figure 23). This wan not 

statistically different from normal animals (F(l»l65)«l.42, p>.0(H). 

The return to normal levels was confirmed by 50 days following axotomy 

(see Figure 24). From the 67 observations taken from 4 Hah, 

ln<R>»0.2097, SE-0.072. This is not different from normal leyi'ln 
a 

(F(l,155)»10.89, p>,001). 

In Figure 25A the mean value of the ratio (axotomizedscont rtjl). oi 

labelled cells <R> and the ln<R> valuen AH a function of the survival 
i 

period following optic nerve crush are summarized. The overall juittern 
» * -» 

of labelling appears to be btphaste, with an enhancement of labelling in 

the axotomized eye up to 10 days, followed hy a maximal Huppri*H«*i»n at 

about 25 day*? after axotomy, and a gradual return to control l«*ve}# hy 
s 

35 days. .These results suggest that axotomy afJeetH the number', ni 

cells actively synthesizing DNA in the photoreceptor lamina when the 

animal is sacrificed, 1 day following administration **i %-TdH. 

Enhancement of th/»idlne incorporation in the *4xj»**rinternal r**ilnw w< urn 

about l1"* days following am»lo»y» Thi«* i!irr*-rt»»" in »ell^ *<nf «-rf»ir/ *t»W-

5 -nhase of the rml% generation «~y« !»• f« re}Attv«*W nhatr t «1 i vt* d, Hy- I > 
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days and onwarH the number of cells in the *axotomized retina is , 

suppressed" as compared with the control retina. The decreased 
i 

incorporation of thymidine in the experimental eye Continues for about"2 
, 1, 

.weefcs, withLa return to normal levels by about 35 days following 
i ° ^ •<-

axotomy. 

(, \ 
The final question tested was whether modulation of cell 

proliferation varies as a function of topographical location. When 
S 

these data were grouped into peripheral, middle, and central retinal 
, ° k g 

regions, significant main effects were confirmed across day's following 

axotomy £F(7,28)=5.561, p<.001). No effect of topographical location 

(F(2,>56)=.661, "p>.001) or*interactions between the two* (F(14,*>6)«.708f 

p>.001) were found.* 

* ' ' ' ) 
One interpretation of this finding is that the precursor pool of 

germinal cells which is scattered throughout the ONL is triggered -by 
# 

some change taking place in the retina as a result of axotomy. This 

activation does not take place until around 10 days following nerve 

crush. Following the initial explosion* the precursor pool is 

"depleted" in some sense, such that less cells in the axotomized retina, 

are able to enter successfully the S-phase of the cell generation cyefce* 

This depression in the numbers of eells incorporating trifelated 

thymidine lasts for come period of time (approximately 15-20 days) after 

whLch time the precursor pool appears replenished. By 50 dayo following 

axotomy, the numbers of labelled Veils in' both retinae are equal, 

birth have ceased. 
r ' 

Preliminary ultrastruc'tural observations ' of the periVaryal 
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characteristics, suggest that, these cells are "ro^d-like" in nature. 

Ultrastructural evidence for this claim will be presented after a 
/ 

discussion of the events followlhg a 1 TSonth .survival interval follpwihg 
-* y • » 

injection of tritiated thymidine. ,° ' ' 

EFFECTS OF OPTIC FIBER AX0T0MY\0N CELL PROLIFERATION IN THE ONL 
EXAMINED 30 DAYS AFTER THYMIDINE INJECTION ,' 

In order to examine if cells that incorporate JH-jTdR retain the 

label, I examined intact"fish 30 days following Intraocular Injection. 

To examine the effects of axotomy on the labelled cell -population after,, 
a 

a 30 day survival period) fish received unilateral .o'ptic nerve crushes. 

At various post-operative periods: 5, 10, 15, 20, 25 or 50 days later, 

3 both eyes were injected with H-TdR. One month^ later, these animals 

were processed for light microscopic examination. 

t 

RESULTS " , ' * . ' 

a. Normal (ONL-N(LS)) * 

When unoperated fish receive bilateral intraocular injections1 of 
•t ^ 

tritiated thymidine and are allowed to survive for 1 month, the 
» i 

topographic' .distribution of labelled cell densities in tht? receptor 

layer Is. nearly Identical'between retinae. In Figure 26, these- data 

fr(om 4 fish are graphically portrayed. In 3 out of the 4 fish, there is 
*? 

a strong tendency toward more labelled cells In the most peripheral 

regions examined (see Figures 26A-26C). This levels off in the central 

ret.inal"~terrltorles./'ln fish D, a low linear density of labelled cella 
". i • » ' - ; 

ib evident (Figure 26D). Differences between the fwo receptor layers of" 
p 

individual fish are minimal, Illustrating no inherent distinctions 
1 ' *> * 
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" *; between the two eyes'using this surgical manipulation. The mean lineart 

"..densities of labelled cells/10 mm between the two eyes are A»106s.l vs. 

*C=101.4, A=39.6. vs. C=40.8, A=151.6 vs. C=153.5, and A«3.0 vs. C«4.6, 

respectively. . , ^ 

- . • y . . 
b. Five Days Following Unilateral Op'tic Nerve Crush (0NL-D5(LS)) , 

'When fish receive a unilateral o,ptie nerve'crush, are injected with 

tritiated thymidine 5 dajcs later, and then sadrificed* 1 month following ̂  

the injection, . more labelled cells are see~n In the photoreceptor layer 

of JrUe intact retina. Four fish are presented in Figure 27. For all 4 

t „„'*» 
r «f|sh,' pbxe labelled nuclei are found in the control ONL, although there 

"'w is some fluctuation between the retinae of each fish. Overlap between 

t the two eyes is jjibt prondunced. The mean linear densities for these 

.fish are A=48-.7 vs. C=81.4, A=16.9 vs., C=30.3, A=18.0 vs. C«26.3, and 

A=12.2 vs. C=24.2. 

•' ' k-
c Ten Days Following Unilateral Optic Nerve Crush (ONL-DIO(LS)) " 

D * . * 
In Figure 28, four fish that were sacrificed 1> month following 

/ % ' & . 
injection of JH-TdR are portrayed. Axotomy appears to suppress the 

density of labelled cells as is seen by the solid line. Although there 
* u 

io variability across fish,' more labelled cells are present In the 
« 

photoreceptor layer of' the control side than th,e axotomized side In "TF 

r 
^ 

single fish. There is some tendency toward Increased labelling in the 

more4peripheral regions.(eg. Figures 28A, B, and D), with a decreasing 
V 

function , as more central , retina la examined.'' In Figure 28G, a high 

degree of variability is present, but even in this case, labelling is 



90 

clearly greater in the ONL of the .control retina. The mean- linear 
<! * 0 • 

1 „ . 
densities for these four fish are A=106.0 vs. C=193.6, A=87.4 v§. 

C«*129\4, A=42.8 vs. C=64.3, and A=15.7 vs. C=29.0. 

d,. Fifteen Days Following Unilateral Optic Nerve Crush (0NL-D15(LS)) 

By 15^days following axotomy, .even more labelled .cells are seen in 

the photoreceptor layer of the axotomized eye as compared with the 

control •„ In the fish illustrated in Figures 29A*-£, this" is particularly 

* * 
clear. The mean" linear densities are A=34.1 vs. C=91.4, A=25.1 vs. 

C=97.1, and A=31'.2 vs. __ C=90.2 for these fish. In Figure 29A, labelling 

> ' * 

in the axotomized eye follows a relatively linear path, while in the 

control eye, an overall decreasing function is observed. In Figure 29B, 

the graph is somewhat unique, and reminiscent of the labelling 'pattern 

/ 'seen in the GC/OFL. Both retinae appear to have an increased numberr of 

^^abelled cells toward the more central regions. There are however, more 

labelled cells in the^non-operated retina. In Figure 29C, more tagged 
. » 

nuclei are evident in the ONL of the unoperated eye. The function for 

both eyes appears to be decreasing to a minimum value. There is no" 

" overlap' between the two retinae. In Figure. 29D, there is novoverlap 

between the labelling distributions of the two retinae. Although there 

are more labelled cells in the more peripheral retinal region, this is 

not as pronounced as that seen in the other fish of this, post-operative 

group. The mean number of labelled cells/iQ mm for this fish is 8.4 in 

the axotomized ONL and 18.0 in the control receptor layer. >, «* 1-

e. Twenty Days Following-Unilateral Optic Nerve Crush tONL-D20(LS)) 
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^ Twenty days following unilateral optic nerve crush, differences in 

« *i y > ' 
the-densities of labelled cells between the ONLs of the retinae are 

i 

evident when the fish are. observed 1 month following thymidine 

0 * » 

injection. Labelling is suppressed dristhe photoreceptor, layer of the 

axotomized eye. In Figure 30, four fish that1 underwent these procedures 

are presented. The mean linear densities are A=67.6 vs." C»113.2, 
» 

A=86.6 vs. C=189.0, A=33.4 vs. C=72.1, and A=8.2 vs. C-15.5. Figures 

30A and C illustrate the topographical variation in the labelled cell 

densities in both the axotomized and control receptor layers. Labelling 

is higher in the more peripheral regions. In Figure 30B, a fish with 
i 

more variability is presented. In all cases, more tagged nuclei are 

seen in the control retina. The same holds true for the fish presented 

in Figure 30D, albeit the topographical distribution appears linear. 

<f. Twenty-five Days Following- Unilateral Optic Nerve Crush 

fONL"D25(LS)) < 

crush] and was consistent at all other post-operative periods examined, 

As was found as" early as 5 days "following unilateral optifp nerve 

more labelled cells are found in the photoreceptor layer of .the control 

retina as compared with the axotomized retina of • the warne fish. 

Twenty-five days following unilateral axotomy, the result is no * 

different. In Figure 31, three fish under this experimental "condition 
o 

are presented. Figure 31A Illustrates the changes that occur in the . 

density of the labelled cell population-1 at different topographical 

locations. More labelled cells are seen li#the more peripheral retinal 

regions in both the. Intact and axotomized ONLs, but* at all locations, 
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with the exception of the most central, .a higher density of tagged 
(3 

nuclei is found in the non-axotomizedp .receptor layer. The linear 

densities of labelled cells/10 am in the axotomized receptor layer "is 

78.2, while almost double this amount is seen in the control (130.1). 

In Figures 31B and 31C, two fish with less diffufhantial labelling are ~ 

seen. For .these fish A=43.8 vs. C=66.1 and A=22.5 vs. C=36..L. 
4 v * f * 

O - h 

-Overall, the labelling distributions" seen 25 days following axotomy -J l 
\ «. >* 

appear to be re turn ing to ijormal l e v e l s . ' ' >* - r 
* . H o *» 

g. Fifty Days Following Unilateral*Optic Nerve Crush (0NL-D50(LS)) °° " 
o 

i „ * 
Q •€ " « •• 

By 50 days - following unilateral optic nerve "crush, "labelling 

'between the receptor̂ layers of 0the axotomized and intact retinae appears 

td have returned to,, near normal levels (see Figure 32)(. .Although there 

appears to be a greater degree of variability between vretihae, 'the , 

overall' mean linear" densities illustrate no consistent trends (A=14.9 » 

vs. C-20.8, A=35.'7 vs.' Ĉ 30.0, A=25.5 vs. tf=l8.1," and A=14.6 vs. 

C-2l,9). * 

DISCUSSION s 1 ; 

, The first question to be asked is whether the two retinae of the 

same intact fish have similar densities of labelled cells when examined 

30, days following 'H-TdR injection. Student's t-tests ̂ confirmed that ' 

the linear densities between the two eyes were not significantly 

different (F(l,<38)«.006, p>.001), F(l,4O)-.O04,* p>.001, ' F(l,42)».006, 

p>.001, and F(lr2.5)-2.«>0, p>.001). The ln<R> value for the ,74 

observations from these 4 fish, was -.1198, SE«.006. ' u 
i 

, The most consistent finding when fish are examined 1 month 
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following °H-TdR injection is that in the photoreceptor lamina in all 

experimental cases, more labelled cells are seen In the control eye than 

in the axotomized eye. Do the suppressed linear densities yary as a 

function of the time following axotomy when fish are examined 30 days 

following injection? l -
' < a ' 

An analysis of variance across the days following nerve crush was 

statistically significant (F(6,514)=39.878, p<.001). T-tesf-s were used 

to determine ̂ he source of the difference. At 5 days following axotomy," 

79 observations were talcJen from four fish, ln<R>=-0.6535, SE<-0.66 (see 

Figure 27). This was significantly different from that seen in Intact 

animals (F(l,151)=34.34, p<.00l). A similar ln<R> value was^seen at DlO 

<•' (-0.5502, SEf0.049), which is distinct from intact (F(1»146)»27:2S, 

' p<.001), but not from 'D5 (F(l,151)=l.66, p>.001) (see Figure 28). 

Seventy four observations from 4 fish were compiled to form this ln<R> 
1 i 

value. Fifteen days following axotomy, a further suppression of the 

numbers of labelled cells in the axotomized eye was seen (Figure 4p9). 
t* * 

The ln<R> value taken from 85 observation.on fouf fish was -1.1578, 

SE=0.064. The suppressed labelling in the axotomized retina at D15 was 

significantly different from normal (F(l,157)»125.66, p<.00l), D5 

(F(l,162)«31.47, p<.001), and DlO, (F(l,157)^53.88, p^.001) values. The 

cell counts for each of these four iish are presented in Figure 29. At 

Day 20 in<R>-~0.7335, SE=0.044, illustrating that less tagged cells were 
\ l 

present in the axotomlzo^ .ONL (see Figure 30). Seventy-eight 

observations from 4 fish„comprised this value. This ln<R> value was 

neither distinct from D5 (P(l,i55)-1.08, p<\001) nor from DlO 

(F(l,159)»7.73, p>.0ul), but was statistically different from normal 
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(F(l,i50)-60.37, p<.001) and*D15 (F(l,161)=*28.5, p<.001). At 25 'days 

following axotomy, labelling ratios began to return to near normal 

levels (see Figure 31). The ln<R> value for this group was -0.4612* 

* \ • 
SEB0.052<T*^aken from 61 Observations from 3 fish. Statistical .analyses 

revealed that D25 •was still different from normal (F(l,133)=15.44, 

p<.b01)C", D15 V(F(1,144)=»63.04, p<.001, an#D20 (F<1,137)=16.08, p<.001) 

!' 

but not "from D5 (F(l,138)=5.15, p>.001) or DlO (F(l,13»)=l.54, p>.0Ol). 

By 50 days, following axotomy the mean numbers of labelled cells .have 
0 * 

returned to normal values (ln<R>=-0.0691, * SE=0.076). A total of 70 
o n » 

observations were used to4 form this ln<R> value" (Figure 32). When °the 
, r 

ln<R> values between normal and D50 fish were compared, the result was 

not significant (F(l,142)=0.2jjt, p>.001). All other groups were 

different from D50, "(as\ they were with normal fish) (D50 vs. D5-

F(l,147)=35.76, p<.001, D50 vs. DlO- (F(l,142)=28,84, p<.001, D50' vs.J 

D15- (F(1,153)=12L°.0, p<.001, D50 vs. D20- (F(l,146)=59.75, p<.001 and 

D50 vs. D25 (F(l,129)=17.13, p<.001). 

Finally, I tested whether labelling densiti.es in different 

topographical regions "vary with respect/to the time following axotomy. 
t1 

An ANOVA confirmed that ln<R> varied as a function oil time following 

axotomy (F(6,20)as11.854, p<.0ul) when ln<R> values were "calculate 

according to peripheral, middle, "and central location. However, no 

difference was seen between topographical location (F(2,40)=0.206, 

p>.001) nor were there any reliable interactions t(F(12,40)»0.333, 

p>«001). Although statistical tests do not support a reliable labelling 

gradient across topographical regions, it is still.* apparent that 

labelling is often higher in the more peripheral retinal regions. • This 

http://densiti.es
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probably Reflects activity occurring in the ora terminalis*'at the tine 

of the tojection.N tine month following injection of 3H-TdR, those cells 

originally incorporating > the tracer "have-been displaced by the newer 

germinal zone.° Hence, the old germinal regions t now occupies a more 

central position*, as is witnessed by the topographical distribution of 
4 

labelled cells in,the retina examined 1 month following Injection. 

In all experimental cases, with the exception'o-f Day 50 where birth , 

" rates Appear to return to normal, the density of labelled cells in the 

ONL of the axotomized retina is less than that of the ONL of the Intact 

- retina. One interpretation of this result . is that there are leas 

visibly labelled cells,In the ONL of the axotomized retina because these 
i * i ° 

^ tagged, nuclei* have undergone further7 cell generation cycles, Urns 

diluting the label. The question to be tested, therefore, is do those . 

cells initially in' the S-phase of the cell generation cycle undergo further ' mito'tic divisions, diluting'the label,.and is this modulated by 

1 optic nerve axotomy? This question^ is will be addressed in tne„ final 

section. , " . . • « 
* „ 

ULTRASTRUCTURE OF LABELLED CELLS IN THE RECEPTOR LAYER 

' «, <l 

In the photoreceptor layer, those cells labelled with 11-TdR (see 

Figure 33) appear to be rod-like in nature. The primary evidence for 
'1 4 . ' 

J . "V- | 

„this Interpretation is their distinct location,' The -ONL of an adult , 

goldfish is four to five cells thick. The* nuclei loca.ted closest to the •' 

OPL have been definitively shown to be rods (Johns & Easter, 1977j Stell 
& Harosi, 1976). »Cojxe nuclei lie in a single, stratum sclejad to the 

t> a ' 

rods. The irregularly shaped nucleus of this' cell takes up most of the 

cell body area (s^e Figures 33C and D). Their nuclei are stalne^ in a 
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^fine granular fashion. Other, surrounding rod cells are similar in 

."appearance, but are much more heavily stained. This light staining is 

probably a result of the active metabolic state of the DNA synthesizing 

cells. The ultrastructure of the cells presented here compares well 

with those from, other published reports (Johns, 1982; Raymond, 198^a, 

\ a ° * * 
1985b). From the location of these cells and especially .their 

similarity to the neighboring population, the cell type described here 

* is a member of the rod receptor* family. -

\ * 

-%. 

X 

Ki 

it 
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" 4. 

Figure 17. Topographical Distribution of the Linear Density 

of -Labelled Cells in the ONL- Normal, Short Survival 

t See Figure 6 for description of the conventions employed. 

A. This fish received a sham-?rlght optic nerve crush. Both eyes were 

injected with JH-TdR and the animal&was perfused and sacrificed 24 hours 

later. Differences between the two eyes are minimal. 

• 

p. This fish received a sham-left optic nerve crur.h, and the right side 

was unoperated. 

C. and D. These two intact fish received bilateral intraocular 
» 

injections and were sacrificed 1 day-later, 

* * 

/ 
/ 
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Figure 18'. Distribution of Labelled Cells in the ONL- (D5, SS) , 

These five fish received unilateral ONCs followed by bilateral %-TdR 

injections 'five days later. Their retinae .were processed for. light 

autoradiography one day following injection.. 
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Figure 19. Distribution of Labelled Cells in the ONL- (DIP, SS) 
t 

Unilateral optic nerve axotomy was performed on these six fish. Ten 

days later they received bilateral^H-TdR injections and were sacrificed 

on the following day. Ĵote the change in scale on the ordinate"in D. 
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Figure 20. Distribution of Labelled Cells in the ONL- (D15, SS) 

A, B, C, D, E, and F. These fish received bilateral -%_TdR injections 

fifteen days following unilateral optic nerve crush. Their retinae were » 

processed for light autoradiographic examination 24 hours following 
c 

injection. 
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"Figure) 21. Distribution0 of Labelled Cells in the ONL- (D20, SS) 

Twejit-y days following unilateral ONC, these fish (A, B, C, 

received bilateral H-TdR infections and were sacrificed V\ 

following injection. •« 
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Figure 22. Distribution of Labelled Cells in the ONL- (D25, SS) 

Twenty-five days following unilateral optic nerve crush, these fish 

received bilateral injections of -"H-TdR. Their retinae ° were processed 

for light mice0scopic autoradiography on the following day. Note the 

change in scale on the ordinate for A and B. 
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Figure 23. PistributiorC-of Labelled Cells in the ONL- (D35, SS) 

Four fish (*A, B, C, and D) received bilateral intraocular Injections of 

3 ' 
H-TdR thirty-five daystfollowing unilateral optic nerve crush. They 

were sacrificed 24 hours following the injection. Note the change In 

scale of the ordinate for (T. and D. 
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Figure 24. Distribution of Labelled Cells in the ONL- J$50^ SS) 

s 1 
A, B, C, and D. These fcmr J"ish received bilateral intraocular 

injections of JH-TdR fifty days after unilateral ONC. Their retinae 

were processed for light autoradiographic examination ?4 hours after 

Injection. • y 
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Figure 25. Time Course of Changes'in Cell^Proliferation in 

the ONL During Various Post-operative PeriodsTFollowing 

Unilateral Optic Nerve Crush 
' " " • " "' ' • " ' " " • ' » v 

In these Figures, the abscised denotes the -days following unilateral 

optic nerve axotomy. The ordinates represent the mean value of the 

ratio of labelled cells (axotomized:control) 0CR>) on the right scale 

and the natural logarithm of <R> (ln<R>) on the left scale. The 

brackets contain the total number of individual ratios, for each 
3 

post-operative period followed by the number of fish from which the 

individual ratios are taken. The error bars represent the standard 

error of the ln<R>. * \ 

^ • f 

A. 1 Day Following Thymidine Injection: The pattern of dif t^rentlal 

labelling in the receptor layer when fish are sacrificed ?4 hours 

following thymidine injection is biphaslc in conformation. More 

labelleAcells are found in the receptor lamina of the axotomized retina 

as early as 10 days following unilateral optic nerve crush. By 15 days, 

a reversal is seen in which- less tagged nuclei are evident in the 

axotomized retina. The suppression of labelled cells remains until 

about 35 days following axotomy, at which time, labelling between the 

two retinae returns to normal levels. 

i 

B. 30 Days Following Thymidine Injection: The patterns of differential 

labelling In the ONL when flsh_ are sacrificed 30 days following 

thymidine injection are illustrated as a function of tho days following 

unilateral optic nerve crush. As early as 5 days following axotomy, 

there is a suppressed density of labelled cells in the photoreceptor 

layer of the axotomized eye. At DlO, a similar relationship Is seen. 

There is a further suppression 15 days following cru,ah and at D20 and 
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D25, the differential labelling is still evident, but to a lesser 

degree. ByJD50,'no difference between 

levels similar to those seen in intact 

labelling patterns is visible, 

fish are evident. 

«. 
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1 
Figure 26. Topographical Distribution of the Linear Density of H 

Labelled j3ells in the ONL- Normal, Long^ Survival 

These(four Msh (A, B, C, and D)„ received bilateral intraocular 

injections of JH-TdR arid were sacrificed 30 days later. Note the change 

in scale on the ordin'ate for C. ** 

^ 

v„ 
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/ 

Figure 27. Distribution of Labelled Cells in the ONL- (Dj5, LS) 

A, B, C, and D. These fish deceived bilateral injections of H-TdR five 

days following unilateral optic nerve crush. Their retinae were 

processed for light microscopic autoradiography 30 days •>following 
i 

injection. 
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Figure 28. Distribution of Labelled Cells in the ONL- (DlO, LS) . 

Ten days following unilateral optic nerve crush, these fish received 

bilateral intraocular injections of -'H-TdR. They were sacrificed 1 

month following injection. Note the change in scale on the ordinate for 

A and B. 
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Figure 29. Distribution of Labelled Cells in the ONL- (D15, LS) 

Four fish that received bilateral injections of JH-TdR fifteen days 

after unilateral ONC are -represented. These fish were sacrificed 30 
0 

days after the injection. 
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Figure 30. Distribution of Labelled Cells in the ONL'1- (D20, LS) 

Twenty days following unilateral optic nerve crush, these four fish 

received bilateral intraocular injections of ^H-TdR and their retinae 

/ 
were processed for light autoradiographic examination 30 days following 

the injection. Note the change in scale on the ordinate for A and B. 
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-7 . . ' _ 
Figure 31. Distribution of Labelled Cells in the ONL- (D25, LS) 

« i i o 

A, B, - and C. These three fish received bLlateral injections of -'H-TdR 

t^wenty-five days following unilateral optic nerve crush. They were 

sacrificed 1 month following injection. Note the change in scale on the 
0*i dfnate for A. and B. 

I ' > 

\ 
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Figure 32. Distribution of Labelled Cells' ill the ONL- (D50,t LS) 

Fifty days following unilateral optic nerve crush, these fish received 

bilateral intraocular injections of H-TdR and their retinae were 

processed for light autoradiographic examination 30 days later. 

\ 

Mp 
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Figure 33. Ultrastructure of Labelled Cells in Receptor Layer 

A. Light microscopic autoradiograph of an uncoverslipped plastic-

section of the retina. In the boxed region, two labelled cells in the 

ONL are shown. This retina was axotomized, and injected wi£h tritiated 
„ <• . 5 -

o 

thymidine 10 days later. One day following administration of H-TdR, 

the fish was perfused and sacrificed. Calibration bar: 100 jum. 

B.' Enlargement of the boxed region in A. Note the Location of the 

label (arrows) near to the border of the OPL. Calibration bar:* 25 jam. 
% 

\ a r 
t 

C. and D. Electron micrograph of the two labelled pells shown in B. 

The nuclei are irregularly shaped and stain mor,e lightly than the 

neighboring -.cells. The granular texture of the nucleus is similar in 

density and distribution to those / cells surrounding it. The 

differential staining may be a -reflbbtion of the metabolic state of the 

• cell. Calibration bars: 1 jum. \ * 

/ 

ixn 
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V. EFFECTS OF OPTIC FIBER AXOTOMY -ON- CELL PROLIFERATION ftj THE -
ONLiXAMINED 1 DAY AND 30 DAYS FOLLOWING INJECTION 

Cell labelling in the receptor layer is modulated fpllowing-* "optic 

3 nerve axotomy. When the ONL Is examined 1 day following JH-TdR 

infection (see Figure 25A), there is an increase in the^numbers of rod 

precursors entering the' S-phase of the .cell generation cycle at about 10 
t v y , * * o 

" t 9 

.days following axotomy. By D15, this trend is reversed, as is "seen by a 

decrease in the, numbers of labelled dells, in the axotomized 

photoreceptor layer as,compared'with the control ONL. This relative 

decrease continues until D35, at which point, no significant difference 

between the two retinae is evident. These data indicate that axotomy 
c 

modulates the numbers of •photoreceptor stem cells in the S-phase of the 

generation cycle. T«he time course of these .changes appears biphasic. 

When the photoreceptor %layer is examined 30 days following 
o ' ' ft. 

injection of H-TdR, fewer labelled cells "are seen in the receptor layer 
1 

of the axotomized retina'as compared with the control (see Figure 25B). 

This trend is seen as early as 5̂  days* following crush and is consistent 

across the next 20 days. By 50 days following axotomy, no differences 

between the two eyes are evident. The time course of these changes 

appears monophasie. The latter observation in the receptor lamina 30 

3 days Allowing H-TdR injection indicates that changes in labelled cell 
0 

numbers are dependent upon the observation interval following H-TdR 

injection. This suggests that a fraction of these rod precursor cells 

initially incorporating JH-TdR have undergone further mitotic/divisions, 

thus diluting the label*"* The observation that the grain density over 

individual nuclei is much lighter in those animals examined one month-

after Injection lend8(3support to this hypothesis (see Figure 43). 

134 

xf*l 



• « 135 

The issu/^to be addressed in this experiment is what proportion of 

those precursor cells that initially incorporate ^H-TdR into DNA retain 

the tag. I .assessed what percentage of those cells that incorporate 

H-TdR° become post-mitotic and what proportion of these cells initially 

incorporating 3H-TdR continue to undergo further divisions effectively 
0 

/ ' 

diluting t;he tag during various post-operative periods after optic nerve 
t ' 

axotomyI » 
/ , 

•i -

PROCEDURE ' tfc 

rBilateral op t ic nerve crushes were performed on 20 j f i sh . Ei ther 5, 

''l'O, 15, 20 or 25 day/& following surgery both eyes received in t raocular 
J? O 

injections of H-tbymidine. One day following injection, one eye was 
si 

enucleated. This^ eye was designated as the 24 hour 'or Short survival 

(SS) side and was processed for light microscopic autoradiography. 
fc r 

> o 

These fish were then returned to their aquaria. One month following the 

injection, the remaining eye was removed following anaesthesia and 

sacrifice of the*fish. The 30 day, or long survival (LS) side, was then 
y - • 

processed for light autoradiographic examination (see Figure 34). It Is 
useful to note that inherent in this paradigm is the limitation that the 

• * ^ 

fish could not be perfumed prior to sacrifice. Using the criteria and 

general procedures used throughout "this thesis, labelled oeJ1 

populations were quantified and comparisions made between The two 

retinae of individual fish. 
RESULTS - " v 

a. Normal (0NL-N(,SSvsLS)) J ^ 

When an, unoperated fish receives bilateral injections of 3H-TdK and 
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one eye is processed one day following injection and the other eye one 

month later, approximately 2.3 X as many cells are found in the 24 hour 

survival eye in all cases. There appears to be a change in labelling 

density along with topographical location. More labelled cells are 

found in the more peripheral retinal regions. In Figure 35, four fish 

are presented. There is no overlap between the two retinae of any 

single fish. The solid line represents the 1 day survival (SS) retina, 

while the dashed line represents 1 month survival (LS) following JH-TdR 

injection. This convention is employed throughout this experiment. The 

mean linear densities for each retina are: S=85.7 vs. L=41.6, S=43.3 

vs. L=17.3, 3=38.5 vs. L=15.5, and S=74.7 vs. L=36.2,,where S and L 
c 

are defined as: 

S= 

* 

0 

L= 
-

n 

i= l 

n 

n 
2 i; 
i - i 

(5) 

(6) 

n 
And B± is the number of labelled cells/10 mm of the i section of the 1 

day survival (SS? retina and 1"± is the number of labelled cells/10 mm of 

feh 
the 1*-" section of the 1 month survival (LS) retina. 

b. Five Days Following Unilateral Optic Nerve Crush (ONL-DS(SSvsLS)) 

Five days following bilateral axotomy, both eyes were Injected with 

H-TdR. In the eye that was enucleated „1 day following Injection, more 
t 

labelled cells are evident when compared with the eye tha.t was processed 
V t 

1 month following "Injection.- Again, a correlatidn with topographical 
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location is evident. More tagged nuclei" are found in the peripheral 

retinal regions. In Figure 36, the labelling patterns in the receptor 

layers of four fish are graphically portrayed. In no case Cs there any 

overlap between tha- two eyes. For fish A-D, S=23.9 vs. 'L=8.0, S»205.7 

vs. L=72.0, S=42.5 vs. L=8.9, and S=77.3 vs. L=L5.8. 

c. Ten Dafs Following Unilateral Optic Nerve. Crush (ONL-DlO(SSvsLS)) 

More individual differences in labelling patterns are found between 
\ 

fish in this post-operative paradigm. In Figure 37A, one of these fish 
i 

is presented. More tagged nuclei ar'e seen in the peripheral retinal 

locations and appear to decrease steadily across the topographical 

gradient. Labelling in the 1 month survival eye appears linear. The 

mean number of labelled cells/10 mm in the ONL of the SS eye Is 43.4, 

« while 7.1 labelled nuclei/10 mm are seen in the LS eye. figure ' 37B 

illustrates another fish in this group. The labelling pattern In the 

short survival eye appears • almost U-shaped in configuration across 

topographical location. Labelling in the 1 month survival eye appears 

linear. For 'this fish, S=84.9 and L=20.2. In Figure 37C, more labelled 

nuclei are found in the 1 day survival eye as compared with the 1 month 

(S-38.6 and L-5.8). Labelling in the SS retina appears to increase 

across . the topographical gradient. In the last fish In this 

- experimental group (Figure 37D), more labelled cells ar'e evident In the, 

receptor "layer of the^SS eye as compared with the LS equivalent (S»18.0 
e 1 

and L»5.0). There is no overlap between thq, two retinae. •» 

d. Fifteen Days Following Unilateral Optic Nerve Crush. 
1 

(0NL-Dl5(SSvsLS)) t °*~ 

v 

<4 
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In all fish more labelled cells are found in the 1 day survival ONL 

(Figure 38). In all cases, labelling in the 1 month survival eye 

appears linear, while* in 3 out of 4 fish (Figure 38A-C), labelling in 

the SS eye appears U-shaped across the topographical gradient. The fis-h 

presented in Figure 38D shows a decreasing function across topographical 

regions. The mean linear densities for these fish are S=201.3 vs. 

L=61.4, S=66.1 vs. L-14.0, S=68.4 vs. L=9.7, and S=40.0 vs. L=3.9, 

respectively. 

e. Twenty Days Following Unilateral Optic, Nerve Crush (0NL-D20(SSvsLS)) ^ 

Figure 39 illustrates four fish examined 20 days following 

bilateral optic nerve crush.' Each fish, expresses a unique pattern 

„across the topographical gradient, although more labelled cells are 

found in the SS ONL in all cases. In Figure 39A, both the' SS and LS 

retinae appear U-shaped in configuration. The mean linear density for 

this fish ls°S»97.1 vs. L=46.6. In Figure 39B, an asymptoting function 

is evident in the 1 day survival ONL and is quite variable across 

sections; the 1 month survival ONL appears almost linear. For thisofish 

S-160.5 and L»36.2. Figure 39C shows a-decreasing function across the 

topographical gradient In the SS retina, and the LS labelling pattern 

appears linear. The mean linear density for this fish is S-67.6 vs. 

L-31.3. The last fish In this group has a linear pattern in both eyes A 

% 
across the extent of the retina. Foi/this fish S=*l%4 vs. L=«3?4« 

f. Twenty-five .Days Following Unilateral Optic Nerve -Crush 
v. 9 

(ONL-(D25(SSvsLS)) 
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Labelling is higher in the. ONL of fish whose retina was processed 1 

day following H-TdR injection as compared with 1 month survival in the 

other eye (Figure 40). Fluctuations between sections are evident in all 

fish, although there is no overlap between the two retinae. In Figure 

40A and B, labelling appears slightly heavier in the more peripheral 

retinal regions^. The mean linear densities for these fish are S-113.7 

vs. L=54.1, and S=186.2 vs. L=97.1. In Figure 40C, a slightly 

increasing function is evident in both eyes, while in Figure 40D, a 

linear function, with a high degree of variation is illustrated^,. For 

thes,e fish, S=366.8 vs. L=223.7, and S=107.2 vs. L~77.6', respectively. 

DISCUSSION .. 4 

Following a single injection of tritiated thymidine, more labelled 

cells were found in the photoreceptor layer of the 2£K>ur survival (SS) 

retina than in the 30 day survival (LS) retina in every case examined. 

The clear difference in the numbers of labelled cells on the short 

survival side as compared with the long survival side, indicated th,at 

following axotomy a portion of those cells that Incorporate tritlatod 

thymidine undergo*further divisions, such that 3 -TdR labelling of their 

nuclei has become too dilute to be considered as "labelled", when 

examined 30 days after Injection. 

in order to test whether tho differences in the densities of 
l • 

labelled cells in axotomized and control retinae were statistically' 
u i 

reliable across time, the ratio of cell proliferation (r'.) between the 

th 
SS and LS rotlna for the 1 pair of equivalent sections waf> calculated 

by: 

M 
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r{ , . (7) 

The mean value <R'> of the ratios of individual pairs of equivalent 

sections for a given post-operative period was defined as: 

> L 

n , 
<R'>= y/r\ x r'i xr^...r'„ (8.) 

n 
ln<R*>= ^ InrV (8') 

i=l 

n 

The first question to.be asked is whether the difference in the 

densities of labelled cells between the two retinae of the Same fish is 

statistically significant, when one retina is processed 1 day following 

injection and the other processed 1 month following injection. 

Student Is t7tests showed that for every intact fish, the densities of 

labelled cells between the two retinae were reliably different 

(F(l,32)«19.89, p<.001, F(l,34)=66.10, p<.001, F(l,34)=33.32, pOOOl, 

and F(l,30)«70.39, p<<001). The ln<R'> value for the 69 observations 

from these intact fish was .8561, SE=.041» 

An analysis of variance was run across the intact and five 

experimental groups (D5, DlO, D15, D20 and D25) and a, robust effect was ' 

found (F(5,465)*64.642, p<.001)^ Individual Student's t-tests were 

employed to locate the sources of the difference. Since a total of 15 

t-teats were run on these data, Bonferront's modification provides an 
t 

acceptance level of ,003. This level of reliability was employed for 

interpretation of * these .results. An ANOVA confirmed the difference 

between experimental groups when the data were partitioned into 

http://to.be
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topographic location and •fcHte-JiQallowing axotomy was the main variable 

(F(3,18)=6.03, "p<'001)» No .effects of the location (F(2,36)»1.206, 

p>.001) or interactions between the two (F(10,36)=.949, p>.001) were 

evident. 

In Figure 41, a summary graph1 of the results to be discussed is 

illustrated. At 5 days following bilateral nerve crush, tho J,n<R'> c 

value of labelled cells between the 24 hour and 30 day eye was i.379r>, w 

SE=0.056. Seventy tw,o observational ratios from 4 fish were compiled to 

achieve this value (Figure 36). When compared with intact animals,* k 

significant difference was found (F(1,139)=56.25, p<.003J. By 10 days, 
V 

following axotomy, the ln<R'> value for four fish was 1.6268, SIX).060. 

When this .result, compiled from 84 observations, was compared with 

intact animals, reliable differences were found (F(l,ll>l)»103.23» 

p<.003, Figure 37). There were also significant differences between I)'» 

and DlO (F(l,154)t=8.94, p<.003), A similar increased density of number 

of labelled eells/10 mm in the 1 day following injection retina, a*s 

compared with the 30 day following injection retina was .seen 1 r> dayr, 

following axotomy (ln<R,>?1.7926, SFX1.067; Figure 38).' Sf.it i it leal 

analyses reveal that there was no difference between labelling on 1)1 V 

and DlO (F(l,162)«0.154, p>.001). These 80 observatIons taken "from 4 

llsh at D15 were signLfIcantly distinct from normal'(F(1,L47)»130.42, 

p-'.OOS) and D5 (F(l,150)^21.81, p<.003). Twenty days following axotomy, 

83 observations from '4 fish were analyzed (Figure 39); ln^R'^1 «3389, 

SE-0.078. Robust differences were seen between Normal (F(l,lr>0)-24.60, • 

IK'.OOI), DlO (F(l,16r>)»9.86, p'.QQ3, and 1)1 W F O ,161 )-21.07, p'tOQ?) 

but not D"J (F(1,^153M).38, p>.003). Finally, 2r> days following nerve 

* * 

http://Sf.it
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' crush, the densities of labelled cells in the two retinae have returned 

to levels similar to that seen in intact animals, although t-tests show 

that labelling at all experimental groups are reliably -different from 

D25 (Normal vs. 

1 
D25- F(l,150)=37.69, p<.003, D5 vs. , D25-

F(l,153)-1?7.96, p<.003, DlO vs. D25- F(l,165)=268.3, p<,003, D15 vs.^ 

D25- F(1,161)=302.4, p<.003 and D20 vs. D25- F(l,164)=83.36, p<.Q03). 
' '*. ' 

Eighty-three observational ratios from 4 fish resulted in ln<R'>=0.5835^ 

SE»0.021 (se* Figure 4 0 ) / ' 1 
\ 

These- experimental-, results suggest that optî c nerve crush somehow 
»*• \ 

modulates the probability that a cell will undergo further divisions 
D Ir t » \ 

during a given time period, .given that the cell has initially 

incorporated the isotope following injection. 

Figure 42 illustrates an equatorial section of retina taken from a 

fish 10 days following optic nerve crusji and examined B| day^ following 

"-'"•"i •*-•*—tic H-TdR injec.tAon .(SS). The density of label overlying?the somata of the 

cells in the photoreceptor layer is heavy, approximately 50-100 grains 

-per nucleus. In Figure 43, the equivalent retinal section from the LS 

"eye of the same fish is presented. Note that the density of silver 

. grains overlying these cell somata is lighter, approximately L2.-40 

grains per nucleus. 

' • ' - ' \ "~^V 
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/ 
/ 

Figure 34. Schematic Diagram of the Procedure for Short vs. 

Long Survival Following Thymidine'lnjectlon 

Optic nerve axotomy was performed on both eyes. At selected 

post-operative periods: J}, 10, 15, 20, or 25 days, both eyes received 

intraocular injections of tritiated thymidine. One day following 

injection, one eye was enucleated and processed for light mlcroecoplc 

autoradiography. This retina was designated as the short survival (SS) 

eye. One month following injection, the fish was sacrificed and the 

remaining eye was processed for light autoradiographic examination. 

' This retina was designated as the long survival (LS) eye. 

*+ 
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3H-TdR * » ^ 
(sacrifice 1 day after 

injection) 

LEFT 

,3H-TdR 
(sacrif ice 1 month 

after injection). 
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' Fj-Rure 35. Topographical Distribution of the Linear Density of 
v^, "*"~ — — — — — | 

Labelled Cells in the ONL- Normal, .Short vs Long Survival 

For the fpllowing series of graphs: the solid line represents the eye 

that was enucleated 1 day following thymidine injection (SS) and the 

dashed line represents J:he contralateral eye that was processed I month 

^following thymidine injection (LS). 
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Figure 36. Distribution of Labelled ;Cells in the ONL- (D5, SS ve^ LS) 

These fish received,, bilateral optic nerve axotomy, followed by bilateral 

intraocular injections of °H-TdRv0 five days later. One eye was 

enucleated. 24" iiours following injeeirionX solid line) and the tother eye 

""' > 
was'processed for light autoradiographic examination 30 days following 

•injection (dashed line). 

fit 

-*1 



« 1 

148 

ft 

2 
Z 

UJ 

8 
cc 
UJ 

'5 

400-
380-
360-
340-

= 320-
= 300-

9 280-
fX 280-
^ 2 4 0 -
- 220" -

_J 200-
uJ 180 
O 160-
Q MO-
IS 120" 
S loo-
m so. 

80-
40-
20-

B 

fc\* 

4 * . - ^ 

* - , 

tf 
1 10 20 30 40 60 6070 80 901001W120130 

SECTION NUMBER 
i i I i M - I I I I I I I I 

* •* v v v V 

I 
O 

J 12 

li8: 
4-

"1" 10 20 30 40 508070 80 90100110120130 

SECTION NUMBER 
I T M I I M M I M I 

ft* 

200-
190-
180-
170-

160-
150-

140-
130-
120-
110-
100s 

J30-
80-
70-

60-
50-
40-

30-
20-
10-

SHORT VERSUS LONG. 
0, SURVIVAL 

DAY 5 
n a 

' 
/ v 

1 

« 
\ 
\ 
\ A 

V ^ ^ \ A V \ 
V ^"» 

» A ' V l ' V 

D 

fce 

IT 

» 
2 
3 
Z 
UJ 

u 

5 

200-
190-
180-
170-
180-
150 
140-1 
130 
120 
110-1 
100 
90' 
80-
70-
80 

, S 0 

40H 

30 
20' 
10-

1 10 20 30 40 50 80 70 80 90100110120130 

SECTION NUMBER 
I I I I I I I I I I I I I I 

1 10 20 30 40 50 80 70 80 90 W0110120T» 

SECTION NUMBER 
« ' • • ' ' ' ' • ' i ' • ' 



149 ' 

J 
F„igure 37, Distribution of Labelled" Cells in the Op,- (DIP, S S_ vs. LS) 

^ / •> « 

Ten days following bilateral optic nerve axoto'my, these fish received 
< •. 

biiateral intraocular injections of H-TdR. One eye^was processed for 

light autoradiographic examination 1 day following Injection (SS) and 

the other eye received the same treatment 1 month following injection 

(LS). 
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Figure 38. Distribution Of Labelled Cells in the PNL- (D15, SS vs. LS) 

These , fish were received bilateral injections of -'H-TdR fifteen days 

after bilateral optic nerve axotomy. Pne day following injection, one 
< » 

eye was enucleated. The other eye was processed for light 

autoradiographic examination 1 month following injection. Note the 

change in scale on the ordinate for A and D. 
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Figure 39. Distribution of Labelled Cells in the ONL- (D20, SS vs. LS) 

A, B, C, and D. Bilateral intraocular injections of H-TdR were 

administered twenty days following bilateral ONC. One eye was- processed 

for light autoradiographic examination 24 hours following injection, 

while the other eye was processed 30 days following injection. Note the 

change In scale on the ordinate for B. 
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Figure 40. Distribution of Labelled Cells in the ONL- (£2^ SS vjU L§2 

A, B, C, and D.. Twenty-five days following bilateral optjic nerve crur.h, 

these fish received bilateral injections, of 'H-TdR. viae <»yv van 

enucleated and processed for light autoradiographic examination 1 day 

following injection. The other eye was procossod 1*"" month lollowing 

injection. Note the change in scale on the ordinate In B. and <U 

0 
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Figure 41. Time Course of Changes in Cell Proliferation In 

the ONL During Various Post-operative Periods Following * 

Bilateral Optic Nerve Crush and a 1 Day vs. 1 Month Survival 

Period Fpllowing Injection . 
o 

In this Figure, the abscissa denotes the days following bilateral optic 

nerve^ axotomy. The ordinate represents the mean ratio of coll 

proliferation (SS:LS) (<R'>) on the kright •3c<|le and the natural 

logarithm of <R'> (ln<R*>) on the left scale. The brackets contain tho 

total number of individual ratios, for each post-operative period, 

followed by the number of fish from which the individual ratios are 

taken. The error bars represent the standard error'of the ln<R'>. 
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tf Figure 42. Light Microscopic Autoradiograph of Labelled Cells- SS 

This fish received bilateral optic nerve crush followed by bilateral 

4 3 
injection of H-TdR 15 days after surgery. One day later this eye was 

enucleated. The other eye was processed for light autoradiographic 

examination 1 month later "(see the equivalent equatorial section1 in 

o 

.Figure A3 for comparison). Abbreviations are as described in Figure 3. 

A. Heavily labelled cells in the ONL, INL, and GC:0FL. Calibration 
s 

bar: 50 um. 

B and C. Higher^magnification of individual cells In A. illustrating 

silver grains in the emulsion coat overlying the nucleus. The labelling 
t 

is dense in places such that Individual grains cannot be distinguished. 

Calibration bars: 25 jum. 
a 

\ 

r 
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Figure 43. Light Microscopic Autoradiograph of Labelled Cells- LS 

This equatorial section is from the same fish as was described in Figure 

42, however this retina was examined 1 month\following Injection. The 

two retinal rings are equivalent according to the criteria described in 

Materials and Methods. Abbreviations are as described in Figure 3. 

A. Labelled cells in the ONL and GC:OFL. Calibration bar: 75 um# 

B, C „ and D. Higher magnification of, individual cells in A. Note that "* 

each silver grain in the emulsion coat overlying the nucleus is visible. 
* 

(Compare with Figure 42 B and C). Calibration bars: 25 pm. 

$ 
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V I . GENERAI/ DISCUSSION ' ;. 

\ 
7 

The results of the preceding experiments.indicate that axotomy of 

retinal ganglion cell axons modulates the numbers of cells that enter 

the, S-phase of the cell generation ,cycle^ Only two types of cells 

within two nuclear laminae appear to be selectively influenced following^ 

axotomy; these are the cells (presumably non-neuronal) in the ganglion „ 

cell/optic fiber layer and the presumptive rod receptor precursors in 
1 " ! 

the outer nuclear layer. 
n 'j a 

J v . M 
CHANGES. IN CELL BIRTH IN THE GC/OFL 

Optic nerve axotomy modulates the number of cells which Incorporate 

•a i . » 

JH-TdR Into new DNA in the GC/OFL of the,retina of adult goldfish. Five 

days following unilateral optic nerve crush, when animals are sacrificed 
- o c 

„ 1 day following H-TdR injection, there is an enhancement In cell birth 

in the GC/pFL' ̂ of 'the axotomized retina as compared wi,tfh its control. 
v 

There is a similar increase in the number of labelled cells ten days 

following unilateral axotomy. This change in the linear density of 

labelled^ cells ̂gradually subsides to normal levels *over the next 15 

days. There .̂ are no differences between the two retinae after 25'daya 

• following tiru&h. The time course of the enhancement' of cell 

proliferation following axotomy, presented In FigureD14A, lllus-trateH 

that axotomy has selectively stimulated cells to enter the S-phase of 

the cell generation cycle. 
" * * 

1 
One month following administration of H-TdR, there 1B little 

* «n ' 
difference between the linear densities of labelled cells In the 

* t * » 

axotomized GC/OFL as ^compared with its contralateral control. 

" \ • 
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I " ^ -
K \ Statistical analyses demonstrate thatfthe, only reliable difference is an 

X 

enhancement in the linear density of labelled cells in the axotomized 

GC/OFL 'as compared with its control at D5 following Optic nerve crush. 

Between 10 and 50 days following crush, approximately equal numbers of 

tagged nuclei are present in the GC/OFL of the axotomized and control 

retinae. The time course (Figure 14B) of the changes in the linear 

density of the^ labelled cell population examined 30 days following 

injection indicates that axotomy does not modulate the numbers of cells 

that will retain the label. The only exception to this interpretation 
t 

is seen five days following unilateral axotomy. The enhanced number of 

labelled cells at D5 suggests that perhaps there are two .populations of 

cells, one of which selectively becomes post-mitotic five«days following 

axotomy, and one of which undergoes further cell'division cycles. 
* F r 

6 

When the time course of the changes in the linear densities of 

•tl labelled cells of fish that were examined 24 Tiour.s following injection 

(Figure 14A) is compared with fish that were examined 30 days (Figure 
f 4 

"14B) following injection, several interpretations can be made. The . 
*» first is that the time course of changes vin the ratios of the linear 

% 
*> densities * of labelled cells is dependent upon the observation time' 

n b •» f 

following 3H-TdR"Injection. The time course of vthe changes in cell 

V proliferation shows 'an initial increase followed by a gradual decrease 

when examined 1 day following injection. When they were examined 1 

fmonth kfollowing injection, however, the catios of the linear densities " 

* of labelled cells between the axotomized and control retinae do not show 

any consistent change durllg the post-operative periods (except D5). 

The second point Is that axotomy modulates * the numbers «>qf cells 

* % 
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initially incorporating JH-TdR, but does n,ot influence whether they will 

I 
retain that label, .since approximately equal numbers of tagged nuqlei 

are eyident between the axotomized and control GC/OFL from 10 to 50 days 

following ararTomy. Since there are uniformly less labelled^ cells seen 

30 d'ays following' injection as compared with 1 day following Injection, 

this suggests that most of these cells remain mitotically active. 

Therefore,, this population of cells, is probably non-neuronal. The 

ultrastructural evidence presented in this thesis supports this 

interpretation. The nuclei of these labelled cells are irregularly 

shaped and composed of densely stained material arranged in granular 

clusters. Free ribosomes are abundantly present in the sparce 

cytoplasm. In contrast, the nuclei of retinal gjanglion cells are 
0 

usually round or pear-shaped and do not stain as densely. The ̂ cytoplasm 

has been shown to contain single profiles of rER and relatively few free 

ribosomes (Murray & Forman, 1971). 

CHANGES IN CELL BIRTH,. IN THE ONL * . * 

Optic nerve axotomy modulates the numbers of cells which 

incorporate JH-TdR into new DNA in the photoreceptor layer of the retina 

of adult goldfish. * When ceil - proliferation is examined one day 

following injection, more labelled nuclei are found'in the ONL of* the 

axotomized retina as ^contrasted % with the normal at about 10 days 

following crush. This enhancement In cell birth is followed by an 
i 

abrupt reversal, such that fewer fagged nuclei are visible in the 

axotomized ONL as compared with the normal from 15 to 25 days after 

unilateral optic nerve crush. At about 35 days following crush equal 

linear densities of labelled cells are seen in both retinae. This 
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biphasictime course Tof the changes in cell birth is represented by the 

solid line in Figure 44. When cell proliferation is examined 24 hours 

following injection, the number of cells entering the S-phase of the 

cell generation cycle is modulated by axotomy in two ways: at ten days 

following crush there is an enhancement in the numbers of cells born* 
\ 

and between 15 and 25 days following crush, there is a relative 

suppression in cell birth. 
o 

In order to examine whether the cells that have incorporated JH-TdR 

whehn observed 1 day following injection become post-mitotic (retain the, 

tag), or remain mitotic (lose the label), the time course of changes in 

the numbers of labelledXeells was examined 30 days following ^H-TdR 

injection. At all post-operative intervals (with- the exception of 50 

days"), fewer labelled nuclei were visible in the ONL of the axotomized 

retina. This monophasic time course of the changes in linear depsities 

of labelled cells is illustrated by the dotted line in Figure 44# The 

numbers of labelled cells seen 30 days after injection is less in the 

axotomized* ONL at all experimental points (except DSO), suggesting that 

there Is a population of cells that undergo further mitotic divisions. 

If all of those cells that initially incorporated H-TdR had become 

post-mitotic, then the time course*of cell proliferation seen 30 days 

following injection (dotted line In Figure^44) would have been similar 

in distribution to that seen 24 hours following injection (solid line in 

Figure 44). This is clearly not the case and therefore implies that 
» 

some of the labelled cell population has undergone further cell 

generation cycles. 
This interpretation is confirmed by results from normal fish in 
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which the retinae were examined at different survival times following 

3 
H-TdR injection: one eye was removed 1 day following injection, and the 

other eye was examined when the fish was sacrificed 1 month following 

injection. Approximately 2.3X as many cells are found in the retina 

' that was examined 24 hours after injection as compared with the 30 day 

survival retina, indicating that~approximately 68% of the originally 
ft 

labelled cells have lost the tag, presumably because of dilution of the 

• label by successive mitotic divisions. / v" 

In »the simplest case, let us suppose that if a cell incorporates 
3 H-TdR, it will either retain the label cjr continue undergoing further 

mitotic divisions until the label is no longer detectable (30 days 

following injection). This probably does not accurately reflect nature, 

as it precludes the (likely) event that one daughter cell remains 

labelled while the other daughter cell continues to divide, or that both 

daughter cells divide"" and only one of the grand-daughter retains the 

label. However, it offers a framework within which the following 

interpretations may be understood. The result obtained in normal fish, 

therefore, suggests that perhaps there are two populations of cells, one 
k 

of which retains the label (approximately 32% of the initially labelled 

population) and the other of which (approximately 68% of the inttlaly 

labelled population) continues to undergo further oeel1 generation 

cycles. 

The proportion of cells destined to undergo further cell generation 

-recycles is altered by axotomy. This time course of changes In" cell 

proliferation is depicte<r^py the dashed line in Figure 44, where at 

various intervals following bllaierip. optic nerve crush, the retinae of 

«r 
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the same fish were examined at 1 day and 30 days following injection. 

At 5 days following axotomy, approximately 78% of the cells that 

initially incorporated JH-TdR are no longer labelled at 30 days 

following injection. Ten days following crush, 84% of the cells that 

were tagged by 3H-thymidine 24 hours after injectioln are no longer 

visible. A similar proportion to DlO is seen at D15, where 

approximately 86% of the originally^l\bell$|*population is no longer 

detectable by the light autoradiographic technique employed here. 

Approximately 78% of the cells that were initially labelled at 20 days 

following axotomy are no longer 'visible, and by 25 days following 

axotomy, 65% of them (a similar percentage to that seen in normal fish 

are no longer labelled. This monophasic time course of changes in the 

linear densities of cell labelling examined 1 day and 1 month following 

axotomy illustrates that axotomy has modulated the fraction of cells 

destined to undergo further cell generation" cycles. If axoî oray did not 

modulate the portion of cells undergoing further divisions, one would 

expect to see a uniform dilution of about 68% (a horizontal JLlne) across 

days following axotomy. 

tl * 

In summary, optic nerve axotomy appears to affect cell 

proliferation in the ONL in two ways: First, the number of cells 

entering the S-phase of the cell generation cycle Is influenced and 

- second, t,he proportion of those cells initially incorporating H-TdR 

into new DNA that will continue through furthef mitotic divisions is 

"modulated by axotomy. „ 

The photoreceptor cells that respond to axotomy are^tpd precursors. 

The primary evidence for'this conclusion Is the distinct location' of 
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*their nuclei.. As was described in the section on the ultrastructure of 

these labelled cells, the ONL of the adult goldfish is composed of about 

five layers of nuclei. The four closest to the OPL are rod nuclei and a 

single stratum of cone nuclei are located sclerad to the rods. '̂ Neither 

glia nor vascular elements have been reported in 'the receptor nuclear 

lamina. Rod precursor cells that have appeared in published micrographs 

(Johns, 1982^ Raymond, 1985a, 1985b) appear similar in location as wel 

as ultrastructural composition to the cells described here. 

The results of SS vs LS indicate .that axotomy of the optic* 

affects the proportion of labelled cells that will undergo furtWr cell 

generation cycles. Hence, the further division of those Initially 

labelled cells' should result in the ultimate increase, in the rod 

receptor population in the' axotomized retina. There are two w a ^ <o 

test this possibility: 1. Compare rod receptor densities in axotomized 

and control retinae at various post-operative stages or ?.* •employ 

multiple Injections of H-TdR to label the proliferating* population 

continuously. The second method has been employed by Tohnn (19H2) for 

normal goldfish. " ' , 
a 

In normal young juvenile goldfish, Johns (1982) Injected H-Trlk 

intraperttoneally (IP) and examined one eye 24 hour** after injection, 

and the other eye 30 days following Injeetlon. She found oX an many 

labelled cells In the 30 day survival eye. When retinae 1 day and 110 

days following Injection were compared, about 8X as many labelled cell* 

were found in the eye with the longer survival -time. This Heerolng 

discrepancy with the results presented here can he explained hy 

'comparing the procedures used. There appear to he three major 



\ 

170 

^51 *» * • differences. First, Johns used ygjĉ ĵû ejnlrie fish which" are generating 

cells at a much higher rate than* a'd̂ ts-.*"* *In the first two months 

v" c . following hatching, the retinal area increases from 0.05" mm2 to 1.0\tm . 

^„ • Second, because of the' initial„small size and subsequent rapid growth of 

the Jr£%inae of these fish, accurate definition of the boundaries of the 

**** ' . germinal cell zone is difficult. It is -likely that the^ majority of 
•*• *• , ' 

eel Is included in -he.r .analysis were derived from the ora terminalis, 
* - * - » " • , ' ; 

"- - rather than from the 'stem cell population dispersed throughout the 

manure retina. Third, although the SS eye was removed after a single 
-41 ' 

0 t to 

injection, it isf unclear from her pB^cedure whether or not omultiple 

injections were administered* before remov^fox the LS eye. If multiple 

injections were administered, then the result obtained in normal fish in 

th&s 'stiudy does not conflict with that which Johns reported. - If the LS 

•*• »' "̂  *, eye was removed following a single injection, then interpretation of the * 

' ."' ' - i <- * olscrepancy ;ls more difficult, but can be accounted for by the. 

differences in the ages of the fish at the time of injection. Since 
* 9 „ 

I. 
ret inal g ro^ l r i s far more rapid between hatching and two months of age, 
j" w " * 

most if not all of* those cells incorporating -'H-TdR in the ora 

terminal la will become post-mltotic. Since the LS eyes were retiove'd at 

T j 30 of 110 daysf following*injection, those-,cells in the germinal zone at 

the time ,of injection will be, labelled'and located in what is now more 

\ %, 

•k 
f {*% 

central ,re£tna» and thi* be included,in the analys is . , 

In the.' Merles' of experiments repftirtedLhere, I examined modulation 

of ft'Ll blr^h following axotomy following; a .single Intraocular injection 

*J -
of <*fLI blr^h following 

o f ^ ^ T d k . "V-TdR, vl ,?„« o f ^ ^ t d R . JH-TdR» vhen injected Intravenously, renaln» accessiJilft t 

» a S-pha^e retift for 40-60 minutes (Sldnan, I97«0)t when admlnistereuj 

- * I*. ^ 

1 c fjf s • 
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the label "remains in the available concentration for a few hours" 
a " T 

. ' V > 

(Fujita & Horii, 1963). The^availability of the isotope when injected 

lb is about 'one hour (Maenjsa & Harding, 1962; Reddan & Rothstein 1966). 

If the cell generation cycle is about 18 hours in* deration-, only a 
i / ' -

- * •* • "i 
^single ̂  generation would have the opportunity to Incorporate the H-TdR 
into •» new DNA,1' .using this procedure. If, on average, 50-100 si'lver 

grains are visible in the emulsion coat overlying the nucleus following 

acCT̂ rc a single--injection, and'those cells iricfn^orating the tag continue to 

divide, by the. thirW'eif fourth generation^ the progeny would no longer 

meet the criteria £ or labelled, cells, 'From ftohns (1982) study, I 

v * * 
expected to find increased numbers*?of labelled'*cells with increased time 

following, injection in normal fjMjh". This turned out not to be the case, 
•> „ v* • «. * 

presumably'4 s a result *of tfe,e 'differences, in* -experimental protocols. 

Under the conditions employed here,"fewer tagged nuclei were evident in 

the retina following longer survival times «• following injection, in 
. . . „ « > 

normal as wel l as experimental cases . 

In order to i n t e r p r e t properly c e l l birrh'Mn -the ceeeptbr; layer , i t 
P . 

"Will first be necessary to establish the1kinetics of^its eeJi ̂ generation 

cycle. The first ordervof business*,, therefore, will be to determine a 

timej 'course" for the ' dilution of the jH-TdR "label > after " various 
0 * 

»post-*injectlon periods in normal,, fish. If^ the proposed model is 

correct,'one would predict that at shorter survival 'times folldwlng" 

injection, more labelled cells will be present, m> the daughter cells of 
. - "* * * - ,J * 

the „ i n i t i a l l y label led population wi l l " s t i l l r e t a in fh<; l a b e l . 
* - ~ : « .* ° ^ * **'"".-

ft FurtlWrmore, the model p red ic t s a decrease in tine labe l led eel I » 

population with t ime, as the progeny ttf "lUe I n i t i a l l y label led r e l l « rs 
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complete"more cell generation cycles, diluting the label. Depending on 

the results from this experiment, the effect of optic fiber" *axotomy on 

dilution of the label at various post-injections will be examined. 

A further step tfo confirm the above interpretation will be to label 

the progeny of the cells that eontiriue to divide and see if the labelled 

fraction will be modulated at various times following axotomy. By 

administering 0multiple injections, the daughter cells of each division-

will have access to the radioactive pool, thus labelling successive 

generations. The next experiment, therefore, will be to examine cell 

birth following bilateral multiple injections in unilaterally axotomized 

fish at various post-operative intervals. Depending on the survival 
-* . \ -

interval following injections, one would predict the linear density of 

labelled cells in the ONL of the axotomized retina to be substantially 

greater then the linear density found in the control retina from 5 to°25 

•days following axotomy. 

FATE OF THE LABELLED CELLS IN THE ONL * * ? 

ty 

In young fish thymidine autoradiography has revealed that -

approximately 700 cells per mm2 are added to the ONL per day (Johns, 

1982; Plerantonl, Karkhanls & Stell% 1985). However, Kock and- Stell 

(1984) have demonstrated that the average rate of addition of mature 

rods is only 30 per war per day. .Using, the Golgi technique, they 

examined the hi bipolar cell, a second-order neuron which is known to 
ft 

contact every rod within Its dendritic r arborization. Their results 
° ' * *> 

Illustrate that aŝ  the dendritic field area increases, by 50%, the %/*> 

number of synapses in normal fish also Increases by ,50^. The density of 

tod t*yn»p*'<*8 onto the b'l bipolar rewaln* 'constant at one'synapse/ll ««*, 
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This shows that at least some of the rod precursors ultimately make 

connections upon differentiated second-order neurons. Stell (personal 

communication) accounts for this discrepancy In the following^way: if 

only 4^ (700 cells/mm2/d#y - 30 .'cells/mm2 /day) of those cells labelled 

with JH-TdR achieve the status of mature rods, 96% must either become 

rod precursors or disappear. At least 4% must become rod precursors (to 

supply the next generation), but more like 50% are necessary to account 

i 7 

for the value of 700 cells per mnr per day seen from the 

autoradiographic data. . Stell suggests that the 45% of cells that Is 

unaccounted for degenerates and disappears. ^ 

In the work presented here there"- appear to be at least two 

populations of rod„precursors which incorporate JH-TdR, one of which 
/ 

retains the label, and the other ofjyhich continues to undergo further. 

cycles of cell replication. The pffigHJBSlon of labelled cells that 

0 undergoes further, cell generation cycles is modulated by axotomy. Tn 

light of th'e report, by Kock and Stell (1985) and the proposal by Stell 

3 ' 

(personal communication), the ac#ils that . retain H-TdR may be those 

cells'destined to 'become mature rods, or those cells destined to 

replenish the precursor population. ' Tho fraction of cells that lof»e the 

iabfil. presumably because of division by successivet mitotic divisions, 

, may in fact be latied to die. Multiple in feet Ions ̂of H-TdR. followed by 

a long survival time may help to clarify thia issue. 

•CELL BIRTH VS. CELL D]EATH . * * . " . "' 

The mitogenlo factors*that.provide the signal for a 'Cel1 to/undergo • 

further cell generation cycles are unknown. The cell. g(,«ner.it ion ryel* 

• * * 
is wbdivided -into two periods: eell~divi»ion'phase fM-plwse) which 
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includes mitosis and cytokinesis, and interphase which is ^composed of b 

tWo gap (G-) phases and S-phase. Tlje period between the end of M-phase 

and the beginning of the DNA synthesis phase is denoted 'as G " while the * 

period between the S-phase and the subsequent M-phase iŝ eaJLled G9. . The' 

G,, S,'and Go 'phases take up about 90% of the tqjfal cell, cycle time. 

Differences in the length of the cell generation cycle are primarily a 

^result of variations in the length of G1# Once a cell has passed 

throught*G^j it will complete the cell generation cycle at its -normal * 

rate. It has been postulated'that there is a restriction-point (R) late 
° \ 

i n G-. t which is the point of no return (Alberts, Bray, Lewis, Raff, 

Roberts & Watson, 1983). > \ 

Alberts*et al. (1983)'rhave -proposed *that a certain threshold 

aiiiount t%£ some unstable protein (U-piotein) must accumulate for the cell 
* ^ 

to pass through R successfully and trigger Jtfhe cell ,to synthesize! DNA 

and divide. According to-this hypothesis, any condition that increases 
\ , « > 

the overall protein metabolism should increase the accumulation of the 
^-protein, and speed u|> the rate of cell division* Conversely, ayiy 

condition that reduces the rate of protein synthesis should delay* the* 

build up of the U-prot«in and reduce .the rate of cell division. " 

* -. - ^r 

Murray (1973) and others (Burrell et al.,°1978; Whitnailo et al., 

1981, 1982, 1983) have demonstrated enhanced prpteln metabolism/*" tbe 

retina a.s a result- of opt if nerve axotomy! The' increased protein0 

"" • ' «. - • , ' "o «*• 
synthesis may Initiate production of the U-protein, increasing the rate 
of ceil division at around 10 days following axotomy in the ONL. <• '" 

Celt division is* xegulatSfd by #number'of mechanisms, Including 

positional signals and/density .limitations. The decrease - In H-TdR 

/ . . • 

/ •* 
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incorporation in the ONL bf the axotomized retina seem at around D15 may 

be regulated by one, or both, of these' -feedback' controls. Since the u 

.density of rod photoreceptor somata remains constant throughout the llf„e 

of the animal, while the„cell populations in £.he INL vand GCL decrease 

with growth, the mechainism regulating cell birth in the ONL may be based, . 

(at least impart) pn some "density constraint. The reduction in cell 

birth (at D15") may,in reaction to'the enhanced proliferative' activity 

seen e&elier (DlO). ' ^ ' 

Jell death is another- means whereby a cell population can be 

regulated*; Overproduction of new tells, followed by selective 

-degradation can' acft^to limit the population. Although 1^found no 

. evidence of degeneration in the ONL, It is possible that cell tenth may 

be"J "occurring.-« Perhaps the events occur too quickly to be noticed by my 

techniques.', A careful search usin$ electron microscopy may reveal dying 

pells., Alternatively, dete"rmi4nation of cell densities at various stages 
rf» ' ,, - . 
following axotomy may give some insight as to whether cell densities 

° * \ 

* H « * " i ft * 

decrease after att initial increase. » 5 ' ; 
r, ^ a o » o " 

i h t „ & ^ 

<; 

POSSIBLE ROUTES OF THE "SI-GNAL" FOR CELL BIRTH MODULATION ., 
a 

1 « , , , s f 

An Interesting.question resulting from this Htudy is hy what routes 

does the information from the regions of^the axotomized ganglion Vel 1 
0 « 

bondy reach the ONL? The swelling of the cell soma, in response to' 

axotomy, which °ls correlated' wltfh "an enhanced upsurge iu protein 
* i ° 

metabolism, may phys ica l ly d i s t o r t , , or Induce p r o l i f e r a t i o n of„eelils "id 

surrounding : , reg ions . 4 PjrolfferaVion of perlneuian^J g l i a l elfnumlu ha/tw • 

, been documented not1 o n l y ' I n t e l e o s t s (Murray & Forman, 1971), bjit- On 

mammalian systems as w e l l fTorvlk & SkJort^n}< 19 /1 ; Torvik & Soreld«j;0 

> * • * " 
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Watson, 1972). The possibility also exists "that those cells which are 

presynaptic to the axotomized ganglion cells may be affected. Perhaps 

the overall t enhancement of proteins causes a general metabolic upsurge 

of activity in the Retina or perhaps it is 6ne molecular species that 

may act to modulate normal cell birth in the retina.' There are at least 

three possible routes for the *"signal" to take, , of which two can be 

distinguished t by further experiments. The "signal" from., the ganglion 

,cell layer can reach the ONL via a direct neu -onal route, a 'direct 

non-neuronal route, or by diffuse dispersion of some general*Signalling 

factor. The direct neuronal route WOuld require the signal to be 

transmitted from the ganglion" cell to the cells of the INL and finally 
* ' • " - "« > ° - / 

.to .the receptor cell layer. A non-neuronal route could ^occur viaf the 

* "•> < * C'A **,<- ' ' ' V J Muller cells which traverse^the entire extent of the retina. TheTLdea 

\ * " V ' 
of a global diffuse ̂ factor is self explanatory." One paradigm for 
distinguishing "direct"-, from "global" mechanisms relies on the 

1 » ' * 

specificity of refcinotectal topography. If one were to sever the 

lateral optic tract*, ' only" the* dorsal retina would be axotomized, 

similarly if a nick were"made severing the rostral and caudal tectum, 

only the nasal portion of tlje retina would be axotomized. Using either 

of these general surgical procedures, the pattern of cell birth could be 

( compared between the two regions of the same retina. If differences 

were evident,^then one could conclude that one of the two "direct" 

signaling mechanisms ŵ as involved a 

7 
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AXOTOMY VS. REGENERATION 

Throughout this thesis I * have refrained from using the term 

"regenerate" and have instead chosen the more factual term "axotomize". 

Although there'is irrefutably evidence that the retinal ganglion cell 

"axons regenerate when severed, I have no evidence sVggestlng that the 

modulation of cell birth reported here is In anyway related to the 

'regeneration o*£ those fibers,"although this is Implied. Non-neuronal < 

« Cell proliferation in the vicinity of the cell body has been shown to 
, * • - , ' ! ------

occur in response • to axotomy in both0 regenerating (Cova,& Aldskogius, 

1984;* Torvik & Skjorten, 1971; Torvik & Soreide, 1975) .and 

non-regetierating (Torvik & Skjorten, 1971; Torvik & Soreide, 1975) 

systems. In the goldfish, proliferation of perineuronal glial-ceLl^ in 

the, ganglion cell layer has been reported following optic, tract crush 

(Forman & Murray, 1971), although this remark was made Only in parsing. 
/ * 

The possibility exists that regeneration of optic fibers ls» • 
" , * 

Inconsequential and that the important feature is that the reJLina Is 

undergoing continuous cell birth. It is also possible that regeneration ' 

of op'tic nerve,fibers cannot occur in a system tljal dpes not have 
continuous cell birth. In; t;he £vo cases examining cell • birth in the 

, * v - ' • , 

retina as a function of damage 'to the visual,- system (Gaze & Watson, 
* „ ' " ' • . 

1967; Lombardo, 19 /1) , animals'known to 'have cont inuous .ce l l b i r t h in 
*• , * 

the retina were uVed. < „ 

Neurogenesis in the retina of. postnatal ehitk (Morris, Wy4i«* *• 

.Mlies, 1976), mouse (CarterrDawson & LaVall, 1979; Sldma^n, 1961), and 
«• * - • > i 

. k i t t e n (Johns, Rusoft & Dubln, £979) has been studied with thymidine „ 

autoradiography^. Tn a l l • cases \ / h i s t o g e n e s i s i s -nearly complete ; hy -

* ' . . / ' ' f - * 
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birth, however, a few nuclei ̂ incorporated lapel up to -7 days after 

hatching in the chick, 5 days after birth in the mouse, „ and 21 days 

after birth in the kit'ten. The labelled nuclei were primarily^ located 

at the ciliary margin, however% a few labelled cells were seen in the 

fundus (Morris, Wylfe & Miles, 1976). These systems do not app'ear t<? 

have any regenerative capacity. Lt wduld be interesting, therefore,, to 

examine,- cell birth in the retinae of these young animals following 

s 

axotomy^, providing retinal integrity could„be maintained. 
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Figure 44. Summary of Time Courses of Changes in Cell Proliferation 

in the ONL During Various' Post-operative Periods Following" 

Optic Nerve Axotomy. -

The abscissa denotes fhe days following optic nerve crush. „,The ordinate ' 

represents the mean value of the ratio of labelled cells on the right 

scale and the natural logarithm of the mean value of the ratio Is 

presented on the left scale. The error bars represent the standard 

error of- the natural logarithm. m • 

' / " / 

The solid line reflects the time course of changes during various 

post-operative periods following unilateral optic ,rierve axotomy when 

• - ,y 
fish are sacrificed 1 day following injection CsreeyFigure 25A). « 

The dotted line represents the time course of changes during various , 

posi)-operativa periods following unilateral optic nerve axotomy when. 

t 
fish are sacrificed 30 days following Injection (see Figure 2.5B). 

0 ^ * * o 9 

The 'dashed line denotes the time course of changes during various 

post-operative periods' following. bilateral axotomy when 1 eye in 
' _ ^ i' . • « 

examined < 1 day following injection (SS) as compared With the other eye 

which is-examined 1 month following injection (LS) (see Figure 41). „ /\ 

* (- • 
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