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The effects of optic fiber amotomy on pe11<biréguin the fétina of’ the g

A4

- goldfish are examined with tritiated thymidine (BH—TdR) autoradiography.. x

~ w

Two types of cells within two nlclear laminae are selectively influenced

4
« -
Pl

following optic nerve crush: non-neuronal cells .in the ganglion
cﬁfl/optic fiber layer (GC/OFL) and rod réceptor précufsors in the outer- :
nuclear layer (ONE). In the GC/OFL, the time course of the changes in "

dell proliferation as a function of days efoliowiqg axotomy shows an
;nitial increase followed by a gradual decrease when éxamined 1 day ¢
fol}owi;g 3p-1dr (injectioﬁl» One month folldwings inje;tion, , no -
consisteét change is seen at tﬁe’various‘post~0pérative periods. I; the

-

ONL, aﬁotoﬁ? modulates the numbers of labelled rod precursors when .
3 :

9

2 s

examined 1 day following JH-TdR injection. The time course of these ’

4

changes appears biphasic: there is an initial incre;se, follﬁyed by a

decrease of labelled cells in t@g axotomized ONL. - One m&pth&following .
. - -

b ©

injection’, consistently fewer labelled cells are seen in the: axotomized .

- 4
ONL, suggesting that a, fraction of these initially labelled cells have .

- 10

undergone further mitotic divisions, diluting the label..: The propertion

of those’ cells initially dincorporating 3g-TdR that are destined to

- 7 -
undergo further cell generation &ycles is modulated by axotomy.

o '
"
®

o o
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I. GENERAL INTRODUCTION . . L.

-
A -

THE QUESTION, ’ . '
v ¢ -
The retinae of vertebyates grow by cell addition. Tn mammalian _and

avian systems, cell birth is complete by the tike the eye begins .to

function’ (Fujita & Hor#i, 1963; Sidmap, 1961). In fish and amphibians,

on the other hand, histogenesis in the eye continues throughout Ilife
Xy - 2 . - o !

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

ﬁgphibians also retain the unique capacity to regenerate damaged central

L]

nervous “qystem tissue. Specifically, 1f optic fibers are surgically

disconnected, the retinal ganglion cells regrow new axons that then

[

o

© }
reform functional ‘commections with theiri target, the optic tectum. ~
I's

In this thesis I examine whether the axotomy of optic nerve fibers

N L]

would igfluencé the numbers and types of cells being Porn in the retina -
o .
of the goldfish. . - ' .

]

- » <
« 0

- HISTOGENESIS IN THE NORMAIL RETINA

[

- o t

. Miller (1952) studied histogenesis in the retina of the guppy,

. c

Lebistes reticulétus, by quantifying the total number of neurons born
S

_ from hatching (7 mm body length) through adulthood (28 mm body 1epgﬁh).

Durldg this gll&th period, he found a seven-fold Increase in the number
of rods and a three—-fold iIncrease in cone¢, inner nuclear layer, and
ganglto&tcnll populations. As the retfna enlarges the deﬁsities of, mogt. - ¢

" . cells decrease, wit? the exception of rod photoreceptors, which malntain

) .

a constant dens%fy (Johms, 19775 Johns & Easter, 1§77; Lyall, 1957;

e { '
Muller, 195%2). Subsequent investigations on histogenesis in the retina

have focused on the order'in which specific cell types are born and th\“////

*  topographical course of cell pro&uetlon.

v
-

S on
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Autoradiographic (Hollyfield, 1972; Sharma & Ungar, 1980, 1light _

&
microscopic, and electron microscopic studies (Grqp, 1975) have extended

T
[}

and “refined the original observations of Muller. It has now heon

o

cléZfiy demonstrated, that fetinal maturation .proceeds in a

L3
!

vitreo—sclerad direction,ﬁphat is, within a given topcgraphical looation
&

in the rctina, those cells nearest the vitreous humor are produced fitﬂt
N qvl’
and those farthest  away mature last- Tritiatbd thymidtne

autoradiography has been used to study the order of pxgggction of
retinal cells in the killifish (Hollyfield 1972) and poldfish (%harma
and Ungar, r1980). Using this technique; @t was | found that ganglion

Ll » a
cells are the first cells to cease mitosis in the fundus of the. Fetina.

Grun (1975) ‘supported the autoradidgraph}c eVidence‘ with * electron

x .

mlcroscopy by demonstrating thdt the ganglion cells in a cichlid figh
o ‘

o

are the first to contain endoplasmic reticulum and the first.to produce

- ¥

neurites. Asgy the germinal front progresses, other cells in r&ﬁtfal

» R} L

¢ 7 v
retina cease DNA synthesis. Amacrine cells become post-mitotic bhefore

otheggcells of the inner nuclear layer (INL) (Hollyfleld, 1972). qﬂnrma
éﬁd Uné&r (1980) could not differentiate hetween the end of amderine and
bipolar cell production and concluded that bofhrﬁtOp cell d;vlslnn
concurrently. Horizontal and receptor cells are the Tast to hé 6ruduvyd
(érun, 1975; Hollyfie]a, 15;2; Sharma & Ungar, 1980).,

*In adqu}on to the general agrpem?nt‘fas to the order In which

retinal cell types of the laminae are prnduvﬁd, there 18 also agreement

as to the overall topographleal course of events Involved 1in §vtlyal

-

histaéenesis. Autoradfiographie evidence (Johns, 1977, 1982; Meyer,-

1978; Sandy & Blaxter,,1986; " Sharma & Inger, lgéﬂo and ecell  count
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3

¢ gtudies (Lyall,,1957; Johns- & Eastei, 1977) have shown that retinal
growth in fish occurs by the accretfon of newly formed cells at the

margié 6& the retina. This annulus of germinal cells, which has

¢ v

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

zone, or ciliary margin, continues to proliferate throughout the 1life of

-

the fish to produce all types of new retinal cells. These newly formed
2]

cells are thought to differentiate in situ, although:some authors

. . i e
suggest thatssome migration may occur (Johns, 1977). In amphibians, a
similar growth pattern involving mitotically active germinal cells at

the ciliary margin has been’ documented (Jacobson, 1968, 19?6; atraénicky

& Gaze, 1971). » L .

€ v,

R Although there is agreement that“the primary source of new retinal
" cells 1s the ora terminalis, occ%sionally it has been noted in passing
that, ih bhoth juveniles and adults, some mitotic activity is.still

§ -

§
occuygglng in regions central to the growth zome. Lyall (1957) notes:

» 1n wwo or three retinae §§ have found a mitosis some distance

-0 - from the edge of the yetina in the outer nuclear-layer, in a
' . reglon where differentiation is completed and the rods and
Moy
" 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)
b Similar observafions on mitoses or tritiated thymidine incorporation in
a ‘ ceuntral retina bave been made in other fish (Johuns, 1982; Johns &
Fernald, 1981; Sandy & Blaxter, 1980; Scholes, 1976), amphibians
;;F; N (Jacobson, 1968; Straznicky & Gaze, 1971), and young chickd (Moriic,
r Wylie & Miles, 1976). The location of these newly formed éél]s is

.confined to two laminae, the outer nuclear layer (ONL) (Sandy™® Blaxter,

/1/‘

« 7 V]
, %

19803 Scholes,f 1976) and the ganglion cell/optic ‘ggber layer (GC/OFL)

¥
Ce v 0

\\ .
‘ -

-
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(Jacobson, }965; Morris, Wylie & ﬁiles,’1976; Strﬁznicky & Gaze, 1971).
The cells in the ONL are thought to be _rods (Jo?ns, 1982), while it has
been suggested that the labelled cells in more vitread reglons 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
1ntere;ting questigns than does glial cell activity since cell birth in

adult nerve tissue is relatively rare. It is particularly Lmportant

)
with regard to the issue of meural connectlvity, as presumably these

newly-formed rods must make appropriate connections within an already
4 ’
differentiated and”functioning retina. Although there is {irrefutable
- L - ¢
evidence that the vast majority of new cells afe derived from the
. .

germinal peripheral zone, there are enough observations bto suggest that

the ora terminalis 1is qpt the sole source. As a rosu!f of the above
mentioned hints that cell birth in adult animals oceurs Iin  older,
diiferentiated retinal reglons in at least two distinct iaminnv (ON1, and
GC/OFL), Johns (1982) re-examined cell birth in the retina of  Juvenile
fish. She conclnded that, while the circumferential growth zone ig the

major source of new cells, there are photoreceptor cells born thronghout

-

o

the extent of the retina in both larval and Juvenile fish.
f
The possible origin of the new rods found 1n .eentral  retinal

reglons 1s open to speculation. New rods may be formed in the annular

®

growth zone and become displaced by shearing forees (Johns, 19773

Mullexr, 19%2). 0On the other hand, rods may only be produced in the,

’

peripheral germinal zone apd then migrate to new positfons In more

3

e
-



central retina (Johns, 1977; Muller, 19%7)- Perhaps pigmept epithelial

3

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

] 1+

to undergo continuous ¢ell turnover. :It could be that-other cells in

o

the 'differ&ntiated retina may be "transformed "into rod receptors .

Q

3

~ (Bernard, 1900) ‘or new rods may be formed in situ from a germinal cell ‘-
population scattered throughout the older retinal regilons (Johns &

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

—

‘¥
Rod genesis appears to be unique and does not completely conform to X
}F ‘standard histogenetic explanations. Locket (19803 examined a deep—sea

. teleost, which 1is distinctive in that it has a. pure-rod multiple~bank.
{
retina when mature. When young, Chailiodus sloani has a single bank of

Loy <

rods, which is formed in a mammer similar to that occurring in other

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

Fl

t 4 - »‘
The increased numbers of rods presumably Increases the 1ightﬁga£heriﬁ§

ts

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

.
A

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

¢
Addition of new yrods to form a multiple bank retina cannot proceed

1

strickly by in situ cell birth at the peripheral growth =zone.. If a

o

shearing process was idnveolved, one would expe¢t a gradient of banks,

L]

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

4
/

1f migration from peripheral retina to more central regions occurs, one :
would expoct tn, see more cell, nuclet than outer segments with the
difference corresponding to  the num?er of migrating immature cell
bodies. This was not found. Migration of- pigment epithelial cells

would invelve a long, tortuous course through the ever-thickening ONIL,

d.)
while rovx‘it,mmu ad  transformation of INL J’C‘]lﬂ wontld  not he

-


http://proce.se

. . 6

numerically feasible since there are not Enough INL: cells to account for

the increase in the receptor population i1n this specles. The fidal
7 ) .
pOSsibifﬁty is that mitotic division occurs in more central regions.

This Option would require a pOpulafion of stem or gerh}na]; celfq

- N ~
scattered ghroughout the differentiated ONL (or perhaps the INL). This
® , R 4

9
last explanation can be employed to explain the fact that there -are no

g
topdgraphical differences in the thi:kpess ¢r number of banks over the

5 -
A

extent o!'the retina. Unfortunately, thymidine autoradiography, which
could more directly address this question of the origin of the rods was
not applied to this specimen since this deep sea fish cannot survive in

the iaboratory. Sandy &.Blagxter (1980) demonstrated that, 4n herring

and sole, each of which has a pure—cone retina in larval stages and adds
=y 4

~~rods later in devclopmont; the new rods are derived from a pgpulation of

[

fstem cells located at the border of the ONL and outer pleﬂ%?arm layer

(OPL) . These tesults are in agreement with those which Johns (1982)
found in the goldfish. Rod cell precursors @?a formed by wmitotic

division of a stem -« cell populatiom\ scattered througgpql the
NS
differentiated receptor population in the ONL. Tn larval and young
juvenile' fish (1-2 mos.), the annular growth ring was easily
discernible. Scattered nucled fﬁgggd with radicactive thymidine werae
seen 'in both ONI, and INL but, as the fish grew, a larger prnpurtinn of
dividing cells was found In the ONL in comparison to the THNL.  This

change in ﬁ}qportion of Tabelled ONL to THIL cells lvq Johms (1977) to

"postulate that the original loeation of the rod progenitors 1Is 1in  the

TNL. The 1INL, she clalmed, contalns undlfferentiated clusters of

neuroepithelial germinal ecells that  then migrate to  the ONLL.
o BA -
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Furthermore, she suggested that these labelled progeny are

’ v

subventricular cells since they divide in place, produce only one kind .

of neuron, and are activé in¢the lafg stages of histogenesisi 'Whether
i : y

the proéenitor cells are Left behind in the ONL or in the INL (before
LYs (43 ] R

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

1

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

a "latent” staté among the differentiated rod receptors has been clearly

demonstrated. ~

. »

Recently, Fermald and Scholes (1985) have 1ecagedh a zone of
exclusive rod neurogenesis in the developing cichlid retina. This rod
production zone is composed of specialized neuroblasts concgqttated in
an annulus in the ONL about 100 um insidé the ciliary margin. Using
thymidine %}Loragiography, they alse- showed that thése stem cells
migrated outward from’m;re central to periphetal tissue. In addition,
as survival time following the thymidine admiﬁistraticn increased, this
ne?roblast 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
arigiqa] germingl {ront since thelr location is separate from that of
the ngnggggigglig,’thpir morphology appears to! be unlque, and their
;itnLic kinetics are ,notably different. The existence of a separate
atem cell population appears to be a plausible mechanism for malntaining

rod density, although the underlying lmplications for the formation of

new neural connections and plasticity following, dam@ge Lo the sysflem are



still unclear. ! : 0

REGENERATION OF OPTIC FIBERS °

-When retinal gangliom cell axons are cut or crushed, they grvw back
along the appropriate pathways to their correct topographical location

in the optic tectum. This regrowth and functional reconnection takes

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

Sperry, 1963; Edwards, Alpert & Grafstein, 198l; Springer & Agranoff,
"

19773 ijinger, Easter & _Agranofif, n1977), electrophysiologieally

(Horder, 1974; Northmore & Masino, 1984; Yoon, 1976) and agatbmically
(Attardi & Sperry, 1963; Murray & Edwardsy 1982; Radel, 1982).
Biochemical correlates of optic fiber regeneratlon have also been

describeéd (Grafstein & Murray, 1969; Murray & Grafstein, 1969).

Although a coptinuous process, regeneration can be broken down Into

£

discrete events. Following the cut, the distal ends of the axong ™~

degenerate. This 1s followed by regrowth or clongation of the axons
concurrent with™sprouting of the fibers. The regrowing axons must then

locate their appropriate post—-synaptic destinations in the target tissue

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

GANGLION CELL SOMA RESPONSE TO AXOTOMY

-

Some of the most ﬂynamic morphokogical changes seen during optie

fiber regeneration take place in the hangljon cell soma. This 18 not

,surprising since it i£§i2f major production site of materfals for cell

malntenance and axon regrowth., The nltrastructural changes ocenrring In

the cell body, which will be described below, reflect the metabolie
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L

alterations and cytoplasmic responses that are necessary for the

s

successful regeneration of the damaged axomns. -
Between 1 and 4 ddys following optic tract axotomy the appearance *

of the ganglion cell soma is similar to an intaect cell body although

.

statistical analysis demonstrates that there is an increase in nucleolar
2

volume at this early stage (Murray & Grafstein) '1969). 'Murray & Forman

(e}

}

£ 13 é‘,J
(1971) examined the time course of structural changes in gﬁe ganglion
& v o

1

ceil soma during regeneration and they found that hetween 6 and 14 days
after axotomy striking changes begin to occur in ;heiLcell body.
Celiular and nucleolar hypertrophy are eviden?pa%ong wiqh!én ingrease iIin
cytoplasmic basophilid. The swelling of the soma is p;edomin;tely the
result of a marked increase in the free ribosome pop&lation, éithough
the number of single profiles of rough endoplasmic rgticulum (rEé) also
increaées beginning at abouh 10 da;s. During this period the hucleus
assumes an eccentric position and the nucleolus appears enlarged and is
quite visible. Glial cell bodies in the ganglion cell layer are more
froqu;ntly found and appear to be closely apposed to the ganglion cell
somata. Between 2 and 6 weeks following optic tract cuty the ganglion
cell soma undergoes further modiiications,‘the most striking perhaps is
an increase in both the relative and abs&lute amounts of rER. The rER
is now secen as contlnuous parallel stacks, and in this distribution,
1118 most of the cytoplasm. The free ribosome population, grouped In
small clgece}s is still elevgped and {111s In the gaps between the

cisternae, 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 remalns eccentric and the nucleolus

13
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is at its largest. The behavior of the glial elements was not reported
* during this period. 7Two months following axotomy, thelﬁﬁﬁkhal ganglion

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

with the exception of the nueleolus which is still somewhat enlarged. A .

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

3

Delaney & Pgwell, 1978). .

The : morphological events occurring in the retinal ganglion cell

soma during regeneration directly, reflect the changes 1in protein

@

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

number of free ribosomes seen as early as one week following crush
“sdégest that the first progein changes are glated for uge within the *
cell body, although the pdssibility exists that early protein.production
may be implicated- in axonal degeneration or may be accumulating in
preparation for e%port to the re—growing axon. Thetsubaequentp lncereasco
in the amount of rER is associated with enhanced proloin production for
export to thes growing axon tip (Murray & Forman, 1971). These physical
changes 1in the amounts of gree ribosomes and rER reflect the changes 1in

protein metabolism which can be visualized through blochemical methods.

In order to examine some of the underlying biosynthetic changes

occurring in perikaryal organelles of retinal ganglion cells during

regeneration of optic axons, Whitnall & Graistein (1981, 1982, 19873)

»
s looked at tritiated proline incorporation In vitro, followed ‘hy
T Al

o

quantitatjve* electron microscopic* autonradiography 6, 14, and 30 dnyé
a
following optic tract 1n_]m"'l‘hey found increased labelling of the

nucleus and nucleolus at~“%ays, but found little, 1f any echange in the

amount. of rER. Other reports have shown that increases 1in RNA and

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

[

(Burrell, Dokas & Ag;andff, 1978; Heacock & héxanéff, 1976; Murray,

1973). 'Af 14 to’ 30 days, the absolite volume of rER is seen to increase

* along with the increase(in cell size. Although the relative amount of

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

v o’ a ¢
proportion of protein synthesized by the polyribosomes decreased, in

contrast to the rER where the total protein synthegized increased déring

» o v

the times examined. Finally, the percenpageL of total' label in the

smooth membrane (which is thought to £ransport material from the rER to
"

the Golgl apparatus) was enhanced, as was the amount of synthesized

[

protein in the Golgli apparatus itself. :

L) ’ L]

The vast majority of " the newly synthesized bgoteins would be
loglcally -expected to be slated for export to the growing axon tip (for
a review of protein transport see Méqun,: Forman & Grafstein, 1971).

The synthesis of certain proteins -for export from the cell soma is
» 4

modulated during 5ptic nerve regeneration (Grafstein & Murray, 1969,

Murray & Grafstein, 1969). What 1s unclear is whether selected protein
2 N ’

species gpecified for internal use in the cell body also undergo
modification. Heacock & Agranoff (1982) examined protein synthesis in
L

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

.

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

N 14

actin) were the same as those that were later seen to be transported to
the tectum. To date, no spec&fic ‘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 Lechn{queé are not yet refined enough to detect such

¢

»
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v small modifications; or ﬁoséiﬁly the aforementioned changes in protein

production are of such magnitude that t:‘neytx mask other smaller” shifts

]
"

., that m%y ‘be occufring. ‘
c £

Since the primary' source of the

t

axotomy 1s the retinal ganglion

a 3 o

continuously developing structure in

* a

examine 1f axotomy of retinal ganélion cell axons modulates the normal

.

pattern of cell birth throughout the
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cell A soma, and as the retina is a

the

goldfish, I have

chosen to

- H

<
v

retina. v .

e

LY



I1. MATERIALS AND METHODS *

‘Animals -

LN
Common goldfish (Carassius auratus) obtained commercially (Mt.

Parnell Fisheries, Penn.) were employed for all exper?ments. They

o

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 housed in smaller

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

-

Co.) ~on a dally basis.

-

' /

Optic Nerve Crush ' “.

For all experimental surgeries, fish were anaesthetized with 0.1%

/S
tricaine methanesulfonate (MS222; Sigma), sandwiched between two wet
A

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

paséed through the mouth and gills to keep‘the animal respirated. For
optic nerve crushes, two parallel 1hcisions were made above the ocular
orbit: the flap folded back, the eye retracted with straight .forceps,
and the exposed ;erve was gently crushed approximately 1 mm_ behind the
eye-~nwith curved forceps. Complete crush was verified in every case by
insuring that a transparent segment was visible in the optic ner;e
sheath, signifying complete transection of the optic fibers. The flap
was tlien replacéd and the animal allowed to recover.

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

chiasm and innervate the left opticgéeotum. Optic flbers from the left

’
-
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eye inmérvate the right optic tectum. The decussion at the optic chiasw

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 (Figureﬂl).

»

Labelling of Proliferating Cell Nuclei

Thymidine 1s a specific precursor (for deoxyribonucleic acid (DNA))
which 18 dincorporated into DNA in the puclei of cells during the
synthesis (S—)phase of the cell generation cycle. These cells will then
und%rgo mitotic division. Since DNA 4s stable, the tritium (3H)
incorporated into the DNA will remain as a pefmanent'marker unless it 1is

diluted by subsequent mitotic divisions. The nhclvi of those cells

which have incorporated 3

wd

methods. > ¥

>

For intraocular injections of 3u--TdR, fish were anaesthetized and

H~TdR can be visualized by autoradiographic

placed in tﬁe surgical apparatus: The tip of a 10 ul Hamilton syringe
was entered into(the dorsal most region oé the eye at the border between
the oorneawand eyc cup proper. Five pl tritiated thymidine (qnaTdR) 16
distilled water (lmCi/ml, 6.7 Ci/mmol S.A., New England Nuclear) were

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

the animal was allowed to recover.

Light Microscopic Autoradiopraphy

In preparation for Llight mieroscople autoradiography, fish were

heavily anaesthetfzed with M5222, perfused through the heart with

i 4 ‘

* .
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phosphate buffered saline (PBS) and decapitated. Individual eyes weré

9]

<3

éxcised, punctureilfhrough the cornea, and fixed in Bodian fixative, (90
(& *

ml 807 ethyl algoﬁol (EtoH), 10 ml formalin, 10 ml glacial acetic acid)

overnlght at room temperature. The sclera and choroid coat: were then?-

diggected free, thé lens and much of the vitreous humor removed and the
* 3

cleaned retina with pigment epithelium attached;qas feturned to. fresh
fixagive overnight.“ The following day, the ret%na was dehydrated (3 x
55%“Et0H, 2 x 100% E;OH, 2 x chloroform) and embedded in Paraplast +.

.,  Complete serial' sections (16 um thick) were taken throughout the

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

v @

0.5 gm chromium potassium sulfate (chrome al&ﬁ), 1.0 1 distilled water).
Slides were aié dried overnight and rehydrated through EtOH series the
folloﬁ@ng hday to remove the paraffin, in preparation for coatiﬁé qith
emulsion. They were then dried overnight #n a 40 °C oven. Fmulsion was

prepared 1:1 "in  a warm water " bath (39 °C; NTB-2 emulsion

i b
(Rodak) :distilled water) under a sodium lamp. Slides were individualiy

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

large light-tight box with approximatel % humidity for 18 hours. The

s1tdes were then loaded into slide box (approximatJS? 20‘§1Ldes/ﬁox)

with a small amount of desicecant (Drierite), seqled with electriclan's
tape, wrapped 1in plastic wrap and agaln Iin alyminum foil. The coated

1)
’

slides were exposed 1n a 4 °C refrigerator for two weeks. At the end of

w L

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

fixed (Rodak), and stalned with toluidine blue (Fisher Sc{gntif!r Ttd.)

to define c¢ell bodies and thus reveal the laminar organizat.lon of the

3

retina. The slides were then JZhydri;§s‘ln& coverslipped with Permount.

';’
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(Fisher Scientific Ltd.) for examination under the 1light .microscope o

[

(Zeiss). g " )

o <
‘

Autoradiography Followed by Electron Microscopy
: =L

[N O

é ¥

Fish were anaes&hetized, perfused, and dissected in tlﬁ) manner
described‘agbve; using 0.1M cacodyigie (CaCo) buffer (pH=7.,3) instead of
PBS. The retina was removed and immﬁrsgd ‘ in fixative (47
gluté}aldehyq,, 2.5% paraformaldehyde 1in 0.1M CaCo buffer; Karnovsky,
1965), at 4 °C for 4.hrs. Theeretina ﬁgs cut into small (approximately
1 mmz) pieces excluding the most peripheral regions, and postfixed in 27

osmium tetroxide for 2 hours, washed and dehydrated throungh graded HtOH .

t

series (50%, 70%, 80%, 90%, 2'x 100%, 2 x 100%:propylenc oxide (P.0.), 2

x P.0., P.0.:Epon 812 (Polysciences), 100% Epon 812), embedded 1in 1007

1 ]
Epon 812, and polymerized in a 60 °C oven for 48 hours. .

-

v !
Thick sections (1.5-2.0 um) were taken using a glass knife, mounted

on subbed slides, and processed as described above for autoradiographic
L

visuglization. The only exception was that the exposure {ime was

+

increased to  four weeks to counterbalance for thinness of the gection.
Slides were stalned with toluidine blue and examined under the 1ight

mieroscope.  Photographs at 6.3X, 16%, and 40X (objective magnifleation)

were taken of all cells of interest.
Clearly labelled cells from the thick p{aﬁgqf gect lons were chosen
for re-~examination under the electron microscope. A fine ‘needle  was

used to trace the border of the section of intercst In order to frec the
A -
sectTon from the emulsion éoat. A small drop of water was placed on the

‘ . =
desired guct.fon and a razor blade was used to scrape the section free so

® P
.
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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 s;de down, and a
'pretrimméd plastic stub in the metal holder was placed on top. 'This
setup was placed on a warm hot plate in order to eviporate the water and
secure thg section to the stub. Following mounting on the stub, the
labelled cell was still visible under the microtome microscope. The
block was trimmed and thin serial sections (90 nm) were placed on

single-slit, Formvar coated grids, stained in uranyl acetate and 1lead

citrate “(Reynolds, 1963), rand examined under the electron microscope

(Henken & Chernenko, in press).

3

‘Data Collection

¥

Serlal sections were made throughout thé’ entire extent of the
retina In the equatorial plane (Figure 2). The total numbér of labelled
cells was recorded for every fifth serial section, moving from
peripheral to more central retina. On average 20 sectlions were
. tabulated for each retina-with a range of 15 for the smallest to 30 for
the largest eye. A cell was considered laWelled 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
nucleuns. Tabelled cellg were scored according to their laminar location
in 'one of three retinal categories: photoreteptor layer (outer nuclear
layer; ONL), horizontal/amacrine/bipolar/Miller cell layer (inner
‘nuclear layer; IﬁL), ‘or deep layer (retinal ganglion cell layer and
optie fiber layer; GC/OFL; Sce Figuare 3).

Preliminary results following intraocular injection of tritiated

-~ . &

¢
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thymidine illustrated that labelldd cells were seen in all nuclear

laminae of the retina (see Figure 3). Topographical 1location was
- ol ’
recorded automatically as part of the data collection procedure (see

Figure #&). Two extreme fetinal locations, at the perilpheral margin and

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

analysis. Accurate cell counts using light microscopic autoradiography

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

A
-

structure coulginot be defined. Figure 4 shows an example of labelled
T B

R

cells within the ora terminalis in a para—axial section (see Figufb 2)

thtough the retina. In contrast to the retinal section shown in Figure
3, it is impossible to distinguish the differegt layers in the ora
terminalis (Figure 4). . In the lower regions of the mfcrograph, the

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

2 .
peripheral retinal regilons (towards the top of the figure), laminar

?

‘jdenfification becomes I progressively more difficult, until in the ora

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

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

could not be distinguished because of the denge sheet of labelled ndelel
‘ '

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

labelling masks, the underlying cells. ¥ven if 1t were possible 'tn

-

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

possible identification of the underlying individual cell nuclet.

3

.

The second reglon to be excludedafrom'thcuc studies was the most
central portion of the retina. In the central retinal regions the optie
fiber layer s relatively thick as, all optie fibers, from the most

peripheral to the most central, must converge and exit hy this route.

7

4

-
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Ag a result of the 1ncréased thickness of‘this region, an(e t%mation of
the linear density of labelled cells in the GC{OFL would be misleading.
(see Figire 5A). In ?igu;e 5B, an equatorial plane oﬁlsection of the
area near the optic disc ig presented. This a&toraﬁiograph illustrates
the marked increase 1in the width of the.GC/OFL. Cell counts would be

-y

exaégerated (if the entire region was included), or subjective (if an
arbitrary 1limit of the region was enforced). To minimize this pos§}b1e

L3

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 ;;tina
(Figure 2), topographical location was automatically recorded., The
circunference of each retinal ring was measured along the inner nuclear
layer and " this measurement was used to normalize the cell counts into’

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

cells per 10 mm. A linear density measurement moreuaccurately reflects

l
- -

the size of the cell population as the area from which the density is
taken substantially decreases as one proceeds from periphéral to central |
retina. Both the axotomized retina and the intact retina for each £ish
were analyzed and all comparisons made within the same fish.

. v

i
Data Analysis

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

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

, s
examined for each section was graphically representéd. The mean linear

density of labelled cells/10 mm for each retina in a given fish was 3

[

, ealenlated by} ' ' ' v

q%& ° ' ‘
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, A= 1=1 (1)
Xt
© . n
Zc
. c= i=1 < (2) )

\ n
@ i
L} 1Y

the“number of labelled cells/10 mm in thq,ith

where a; is section of the

axotomized retina, ¢y is the number of labelled cells/L0 mm in the jth
. !

section of the coptralateral: control retina,and-1 detnn\tes the Isequencv
of equato}ial retinal sectigés in the seridl study (see Figure i). {;
the cases where 1nte;ct fish are examined, A“refers to the right eye and
C rgfers fo éhe‘left eyé. fhe mead 1inear depsity indicates the overall

. I

each retina.

1

density of the l‘érbelle;i cell pbpul@tion for
LAY

* An equatoriél ‘section from the axotomized retina and hne from the

control retina were considered to be equivaleat by ,virtde of

8 L]

their

similar topographical location as determined by their circumferential
length (see Figure 2). 1In those cases where a wedge of retina was 108t

during procé‘ssing, or oblique gections were iInitially taken, the

-

z‘axtrapolated perimeter was used in  judging equivalent Aections.  The

i ®

ratio of cell proliferation (r;) between the experimental and econtrol

0
~

"retinae for tlE* it’h;p'air of equi:va]ont spetions was defined as: )
'vﬂ | . . ‘ |
‘ Cor = b k (3)
A3 °
. o i \
The ratlns thus obta‘hwdﬂjn rhoooxpertmont;i] and control s;*rmrms
- . *

4 ¥ b4
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were recorded for all fish at a gilven experimental time following

- £ Y 4 »

axotomy. For any given experimental time following optic mnerve crush
¥ 3y

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

ratios of indiyidﬁal; pairs of equivagent sections for’® a ‘given

@
1

AN
post—~operative period was calculated by: N
-4 n ‘ .

<{RO= \A:.l X rz X rs.-. rn (4)

%

In<R>= 5 1nr; (40
i=1 LS 18 y

.
3 [ ——
W,

where 1n is the _natural logarithma(loge). All ratios-were converted
N 1

into 1n values and the mean value of th# ratios of equiyaient sections

ot x c

was caleulated by Eq.(4'). The 1n<R> value was used for statistical

analydes.
5

Analyses of variance (ANOVAs) were conducted to test various

hypotgeses concerning changes in the linear densities of labelled cells
3 ik

as functions of time following axotomy and topographicai’location. The

, 2 Fo.

values of Ind¢R> were graphed as a fupction of time following unilateral
8 +

’ 1

optic nérve crush. Stahdard error bars at each mean were used to

L
v

fﬂregfeseﬁ& the relative variability of each 1n<R> at each time condition.

More detailed comparisions between individual time condi%ions were made

using Stuéenﬁ's t~tests. To employ muigiple t-tests, the probabilitykof
finding significance as a functdon of the numbér of comparisons involved
must be taken into account. The probability level qﬁ .05, therefore,
must. e dlvided Ey the total number of L—te§Ls\execute&; which is known
as Bonferroni's or D&nu‘s t-test procedure. In no case were more than

@

30 t-tests performed. Therefore, a reliability level of .00l was

a
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considared the appropriate lqyel of acceptance

analyses involving %Fudent!s t-tests.
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Figure 1. Diag;aﬁ of Experimental Procedure |,

This 1s a schematic of the parad;gm gmployed‘fbr the studies examini%§/
the effects of axotomy on cell proliferation observed 1 Jay (short
survival) or 1 ménth (long survival) following 3H—Td§ injection. An
optic nerv; crush was performed on one eye (axotomized), wy}le tBe other
eye was left intact (control). Begause of the mnear total decussation of

the optic fibers at the cﬁiasq, each (fish could serve as 1its own
. ~

"control. At var19u3@ days féllowing axotonmy, 3H—TdR was introduced

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

v b ; .
Injection, the- fish was perfused and both eyes processed for light

S

microscopic autoradiographic examination.

L}
a

e
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Flgure 2. TIllustration of Planes of Section

H

This dlagram illustrates, the two types of sgétioﬁs of retinal tissue

L .
v - €
that are referred to in this thesis. -,

-
4

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

all topographical retinal regions frdé’most peripheral to most central.

N a

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

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

sections were taken throughout the retinal extent, where section i=1 is

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

©
.

ring.

»

v
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Figure 3. Labelling in Retinal Laminde

T

Light microscopic autoradiograph of an equatorial section of axotomized
. »

retina from a fish that received an unilateral. optic nerve crush, 10

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

1 &ay later. The 1light autoradioéraph illustrates that followin/
/
intraocular " injection of 3H—TdR, labelled cell nuclel are found in @i?

ratinal’{gglnae.

Abbreviations: PE~ pigment epithelium, ONL~- outer nuclear -layer (where
.photoreceptor cell bodies are 1dcated), INL~ dnner nuclear layer 2where
amacrine, bipolar, horizontal and Muller cell bodies reside), GC:0FL~
ganglion cell:optlc fiber layer twhere retinal ganglion cell somata and

glial g¢ell bodies are found). Calibration bar: 100 ym.
4

Insexrts 1llustrate silver grains located in the emulsion coat overlying

¢

the nucle%ﬁ Note the density of grains when the fish is sacrificed one

day follpwing adminlstration of 3H~TdR. Galibration bar: 25 um.

/

s
.
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Figure 4. Ora Terminalis— Para—-axial View

M ~
A. Light microscopic autoradiograph of qigara—axial section through the ,

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

- 1
the hottom of the page, In the more central poq’Iiﬁ of the retina,
. . .

laminar definition is clear. In the-more peripheral regions ktowards

m~

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

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

.

"I ’
B. 1Inset of the boxed region seen in A. Note the heavy label obscurihg

individual cells. Calibration bar: 50 um.

h 1






*?igure 3. 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

A}

both the GC/OFL and in the optic nerye head. Calibration bar: 100 um.

a
?

r
B. Equatorial section of the area near the optic disc. Note the width
et

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

»

100 uw. : .

~

- v
C. Enlargement of the optic dise, illustrating the heavy labelling.

L]
Calibration bar: 50 um.

-

D. Enlargemenﬁ of individual cells depicting silver grains in the

[

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

1
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II,. CELL PROLIFERATION IN THE GANGLION CELL ANﬁ OPTIC FIBER LAYERS *

A

*
3

1

Iﬁbthis experiment, I quantified normal tell proliferatipn in the
* ! ! = . )
GC/OFL and examined how optic nerve axotomy’modulates it at various-

AY - t
]
v
1 2
v

post—operatlive periods.

T

Furthermére, I tested whether the survival time following injection of
tritiated _thymidine influences the number of Tabelled cells by

quaﬂtifying[the tagééd cell population either 1 day or 1 month following
14 ¢

injection. ) s % »

.

o
] W " -

EFFECTS OF OPTIC FIBER AXOTOMY ON CELL PROLIFERATION' IN THé .
GC/OFL EXAMINED 24 HOURS AFTER THYMIDINE INJECTION

@?

e 4

* ¥ o
1ls in the

To observe ;Ehe topogéaphic distribution of 1abelléq
GC/OFL in normal fish, and to illustrate that Dtﬁe two refinae of a
sﬁnéle 'fish do not differ in any appreciahle wa}té%gu% ;£§h received
bilateial-intréocular“injections of 3H—TdR. Eurthermore, tominsurg than
physical trauma itself did not affect normél ?ell‘bfélifératioﬁgtwo of
these fish received sham optic—nefve crushes. , This surgical intrdsion

a

mimicked the procedure of nerve crush, withoutagtually injuring the

nerve In any way. Fish were sacrificed 24 Hours after 3HLTdR_

administragion. All fish used in these experiments ranged between 5 and '

@
Ry

7 cm in length from nose to tail base.

In order to examine if axotomy modulates the number of cells that
\are actively synthesizing DNA in the retina, T performed bilateral
intraocular i?jections of 3H~TdR in seven groups of fish at various
.post-operative %riod‘s: 5, 10, ,}5,)20, 25, 135, or" 50 days following
uni lateral Gp}}v nerve crusﬁ: The numbers of fish in each experimental
(érnup were 5, 5, 6 4,.&,’ax and 4, renﬁegtively. After walting 24

hours Tfollowling the i1njection, fish wer; sacrificed and thelr retinae

L]
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. procgssed for light autoradiography as described previously.
“ ’ H
v cﬁ ) *
1 L]
- RESULTS , ' .
lormal] (GC/OFL-N(SS)) . .o
- Al . ¥ s - ) ) x -
o Fighre 6 shows the patterns of labelling across topdgraphical
', ' regions obtained from four intact fish that were sacrificed 24 hours

»

« % vafter thymidine injection. In this figure and in all following
. =

» ~ 1]

, graphical representations of individual fish, the following conventions

- are employed. The abscissa represents the serial sections examined,
o A .

where in biological terms, section 1 45 the most peripherhl,‘ or the

youngest ring of retind (excluding the oréﬂpéf&inalig). The following

o i ‘sectio;s taken at 80 um intervals represent progressively more central
. - .
regigns "of the retina. TIn the upper of each pair of graphs, A-D, the
t ! ] ~
ordinate refers to the linear density of labelled cells, while in the

4

lower graph of each pair, the retinal circumference from which the cell
counéa were " made is presented. As was hescribed above, no sectlon was
ccounted with a circumferential ring of less then 5 mm. The term “short
surviva}" in the figuré heading * refers to a 1 day ﬁurvival/ period

‘ following 3y-Tdr injectioé. “fﬁ later experiments, this will be
contrasted with a "1on; survival” interva¥, which yefers to a survival

%

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

e "solid line, the lefi eye. -
Figure 6A 1;iu§tratos the ;Opogfaphica] distribution of labelled
% . bcells from a fish that rocaived a sham-right ONC. The 1ﬁqgu linear
-, density of labelled cells/10 mm in the GG/OFL of the right retina is

9 . @
,40.4 and that of the left retina is 36.4. There appears to he 1ittle

-

@
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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 shamrleét ONC, are
presented. The meaa linear densit%;s of labelled cells/10 mm forhthis
fish are 20.9 for the right ;nd 21.3 for the left retina. This pattern
is similar to that séen in 6A, that is} there are relatively consistent
densities of labelled cells beé%een the two eyes with a slight increase
in the more-central t0pograph%pal regions. Figures 6C and 6D illustrate
the labelling distribution found in intact fish, sacrificed 1 day
following intraocular thymidine injection. Both appgar to ha;e
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 cells is evident. The mean linear densi;ieé of labelled
cells/10 mm areﬂ8.\l and 14.1 for fish C, and 17.6 and 15.1 for fish D.
The slight increase in the numbers of labelled célls in the most central

retinal reglons 1is most likely a reflection of the increased thickness

of the GC/OFL. Although a retinal ring wit@ less than a 5 mm
\

o

?

T \\circumference "was excluded, this precaution mafﬂ'not have entirely

eliminated the skewing factor of the increasing width “of the layer

“o

itself.
|\ ) ' ¢
b. Five Days Following Unilateral Optic Nerve Crush (GC/OFL-D5(SS5))

i

When fish received bilateral intraocular injectlons of tritiated
thymidine 5 days following unilateral axotomy, and the Llabelling
patterns of equivalent sections from both eyes are compared, there is fa

/clear enhancement in the number of labelled eells in the axotomized eye

% (gee Figurf 7). Tn these graphs and in those to follow, the dashed line
Lo

a

{

¢
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répresents the axotomized eye, while ‘the s8olid 1line refers to the

& v

intact, control eye of theﬁsame fish. 1In Figu;e 7A, there ‘18 a clear

increase in the numbers of cells in the GC/OFL'of thg¢axqpomized ey; as -
s comphred with the control:.eye throughout the topoggaphical grad}ént.
The mean linear QQnsity of labelled cells/10 mm in-the axotowized cye
(A)-is 59.1, while only 14.8 labelled cells/10 mm are seen:in the.
control eye (C). Although éhere is some vafiation Eetween ad jacent
sections, the enpanced labelling in the axotomized retina is evident. A

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

Coe *
where A=57.4 and C=12.5. There is also a tendency 1in" toward enhanced

v @

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

L5

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

, demsities for these three fish are A=112.9 vs.’ £=59.0, A=131.9 vs.

~

-C=83.3, and A=220.5 vs. (=75.5, respectively. For these three fish,

.

! ~there“ﬁgre clearly more labelled cells in the axotomized.,GC/OFL of the

©

*  retina. In addition, enhanced labelling in the ceﬁtral retinal reglons

is evidént. As the equatorial sections become more céntrally located,

» - '

N .
* the thickness of the GC/OFL increases because of the Increased number, of

- @.&

retinal fipfrs exiting the retina. Associated with this increas@d fiber

o

o density is an increase in“the numbergof non—-neuronal elements. glthough

I attempted to curtall this skewing factor by setting an arbltrary cut

off point of a2 5 mm circumference, the increased thickness of the GC/OFL
/’ ' " - j" b ¢
4 iz still a relevant point, as can be seen by the increased labelling in

* the intact retina. It appears, however, that labglling 18 even more

o

\ . 4 x
pronounced in the axotomized retina in the central topographlcal .

Teglons. . fu
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» c. Ten Days Following Unilateral Optic Nerve Crush (GC/OFL-D10(SS))

n
» ~
-

- - The results, obtained from five f£fish that had 3H—TdR introduéed
\ ° 4 v, , . &
‘bilaterally 10 daysjfollowing unilateral optic merve crush are presented..,

. ‘1
in r Figure 8. The pattern of labelling in the GC/OFL between the two
- 9’ * ° -

eyes™is veéy similar to that seen on day 5 (GC/éFL—DS(SS)). In all ’

2

W

. sectilons, there arefmorq labelled cells in the GC/OFL of thevaibtomized
. \ X .
= retina. In Figure éA”/mean lineatr density for the axotomized GC/oFL (A)
¢

. / .

is 43.5 and for the intact GC/OFL (C) is 10.5. As one moves from -
o oo,

peripheral to certral 'retina, the Ilinear density increases in “the

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

L

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

for these fish are A=34.4 vs. C=15.0, A=111.1 vs. C=23.5, A=30.4 vs.s

C=10.3, and A=62.8 and C=24.6, rg3pective1yﬁ' & ?
° .
®,

d. TFifteem Days Following Unilateral Optic Nerve Crush (GC/OFL-D15(SS))

Fifteen days following unilateral ONC, more labelled cells are seen

el

in the axotomized GC/OFL as compared with its intact contrpl, when £ish

3

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

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

-

illustrated 1in Figure 9A, the mean linear density of labelled cells/10’

*

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

*
27.6 tagged nuclei/l10 mm are found. There is some overlap between

certain topographical comparisons (eg. sections 1, 5, and 15), but

-

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

depreésed level. Again, there is a clear increase in labelled cell .
I‘ -

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

-
»
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represents anothetr such fish. The overlap is more pronounced (eg.

sections 10, 50, 55, and 60), but the general result remalns the same.
}

The mean linear &ensities}for this fish are A=91.3 and C=66.5. The fish

o [

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

&

In general, there are more tagged nuclel in the axotomlzed GC/OFL; the

o

mean 1inear densities of labelled cells/10 mm for these fish are A=42.73
vs. C=18.4, A=48.2 vs. (=28.9, A=37.7 vs. C=24.6, and A=74.7 vs.

€=52.4. Thé%e’éxe however, certain regions of overlap (eg. Figure 9C,

]

section 103 9D, sections 5, 10, and 80; 9%, sectionsilo, and 20; 9F,

st

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

“(GC/OFL~-D5(8S)) and 10 (GC/OFL-D10(SS)) following unilateral axotomy. A

visual comparison between the labelling patterns of individual fish at
v T

D5, D10, and D15 suggests that .the differences at D15 are less

w

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

[

density measures support this result. There 1is still a noticeable
f P

{ X .
increase in labelling density in the most central topographical regions.

e. Twenty Days Fdllowiﬁg’Unilat%ral Optic Nerve Crush (GC/OFL-D20(SS))
) ~,

Twenty days follewing unilateral, axotomy, more labelled cells are

o

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

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

-

Figuré’lQA, the first of the§e‘four fish 1is represented. Therd- are

clear1§ more labelled cells in the GC/OFL of the axotomized fish. No

o

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

o

" labelled cells/10 mm for the. axotomized GC/OFL is-119.3, while 69.3

labelle?; cells/10 mm are found in the intact eye. The trend is similar

A
n \ N

-

~
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Y

to that seen previously- a clear enhancement in labelling density as one
moves from peripheral to céntral retinal regione. Fiéure 10B depicts a
fish with more overlap between the two retinae. Although there are more
labelled cells in the GC/OFL of the hxotomized retina (61.0 labelled
cells/10 mm) as compared with the intacq GC/OFL (52.7 labelled cells/10
mm), this difference is not as pronounced as seen 1n the fish
illustrated in Figure 10A. This fish look; simil;r in distribution to a
normal fish. In Figure 10C, a compromise between the two labelling
distributions 1s 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 this post-operative group is presented. Although

there are more labelled cells in the axotomfzed GC/OFL'(45.7 labelled

”

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

mm), there 1s some overlap, no increased density of label in central

topograhica} regions, and in general, this fish appears quite similar in

a

configuration to the fish reﬁresented in Fiéure 108B.

' * Although there are more pronounced individual differentes between

«

the¢ members of this post—operative group, theé overall result is similar
to that seen in D15 (GC/OFL-~D15(55)). The statistical analyses to be

presented‘in the following sections confirm this observation.

I8
f. Twenty-five Da?s Following Unilateral Optic Nerve Crush

(GC/OFL-D25(55))

‘ »
'

Twenty~five days following unilateral optic nerve crush, labelling

differences in the<GC/OFL aﬁpear to be returning to narmal levels. Tn

o

2

1

\
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4

Figure 11A, .the mean linear densities of labelled cells/l10 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
i1 "‘f ¥ N
trend ie ‘seen for the first time- consistently more tagged .nuclel ’ are

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

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

no differénce in mean linear densities between the two eyes (A=85.4 and

C=86.0). The overlap between the two retinae is pronounced, as 1s the

»

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
v -

toward increased cell labelling as omne moves more centrally in the

-

L)

retina is _also evident, but to a lesser degree. The linear denéity

. ®

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

S

ge Thirty-five Days Following Unilateral Optic Nerve Crush

(GC/OFL-D35(SS))

-

By 35 days following wunilateral axotomy, differential 1labhelling
between the GC/OFLs of the axotomized and intact retinae have almost
disappeared. In Figure 12, four £ish are “illustrated. As 1s
immediately apparent, there 15 great overlap hetween the labelling of

the two retifae of a single fish. ‘The only exception 4is Figure 128,

» . -

where there i1s mno overlap, and a consistent tendency for more tagged

cells in the axotomlzed eye. The mean linear demsities for this fish
. .

are A=26.3 and C=14.7. For the fish presented in 12A, A=9.2 amd C=8.8.

For figh 12C and 12D, the mean linear densities are A=33.5 va. C»43.2,

-

- 2




Ta

. 41

a

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.
[ 34

-

h. Fifty Days Following Unilateral Optic Nerve Crush (GC/QFL-D50(SS))
, %

»

Figure 13 illustrétes the- topographical labelling pattern in the
GC/OFL of fish 50 days following'unilatergl . When the animals are
sacrificed 1 day after administration of 3H—TdR, no differential
labelling 1s seen between the two retinae of a fish in the majority of
cases (Fi%ures 13A, 13B, and 13D). The only except%on%c;n be seen in
Figﬁre 13C. In this case there are more labelledn cells din the

L

axotomized GC/OFL, although there is mucﬁ varlability and a considerable
amo&gt of overlap. The mean linear densities for this fish are A=74.2
and C=55.2. There is also the tendency for iﬁcr;aéed labelli;g in  the
more central retinal regions. In Filgures 13A, iﬁB, and 13D, the
labelling patterns appear almost identical to épose seen in normal fish
{GC/OFL-n(SS)), (see Figure 6 for comparison). Relatively low labelling
is found in both eyes of a single fish. The mean linear densities for

thése fish are A=7.7 wvs. ' C=10.2 > A=27.6 vs. C=32.8 and A=15.5 vs.

»

C=16.4, respectively. “

DISCUSSION At

In order to test whether Lh%fe are any differences in the linear

densities of kgbelled c€lle between the two retinae of normal fish,

Student's “t—tests were executed on the individual data from four fish.

0 d

None of these ratios reached statistical significance (F(1,46)=2.46,

p>.001; (F(1,32)=.020, p>.001; F(1,54)=8.46, p>.001, and (¥(1,40)=.90,

. LY

°
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p>.001, for 6A-D respectively). This result indicates that 1if intact

fish are sacrificed one day following intraocular administration of

tritiated thyﬁidine, there is no difference in density of labelled cells
between the GC/OFLs of a single  fish. Furthermore, surgical

©

intervention does mnot 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 sqcrions

_from the 'same fish is a valid method for analyzing possible modulatory

effects of unilateral axotomy of optic fibers on cell proliferation.

th sections was counverted

When each ratio (ry) between two equivalent i
to its In value (lnr;) in the intact control group, a total of 90
comparisons yie d a 1n<R> value of -0.2039, with_a SE of 0.056.

To test t ypothesis that the densit; of labelled cells varies as
a function of time following.axotomy, an ANOVA was run across the 1ln<R>
values from the intact and six experimental grnupsﬂ(DS, p1O, D15, D20,
D25, D35, and D50). The linear density of labelled cells varled with
time followlng unilateral optic nerve crush (F(7,716)=94.717,d p<.001).
Individual Student's t-tests were calculated to determiéf the source of

the difference. i “

A significant enhancement in cell proliferation was seen in the

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

3

Figure 7). Analysls of 112 -observations from five fish showed that
In<R>=1.0985 with a SE-of 0.053. A similar result was sgen 10 days

fnl]éwing nerve c¢rush (see TFigure 8). The value of In<R> was 1.0993

O

' %
. with a SF of 0.048. For these five fish, a total of 111 ohservatinns

o - w
4
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were recorded. T-tests revealed no difference between D5 and D10,

(F(1,221)=2.23, p>.,001L), but both were significantly different from the

N

. dintact control (F(1,200)=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. 8ix fish were

M

eiémined, resulting in'117 individual 1nri values (see Figure 9); by Eq.
47 1n<R>=6.4872A with a SE=0.037. Twenty days following axotomy
appearedﬂsimilar to that seen at D15 (see Figure 10). The 1n<R> value
for the 77 observations on 4 fish was 0.5213, SE=O:064.' There were no
differencés between labelled cell "ratios at , days , 15 and 20,
(F(1,192)=0.24, p>.00}). Both,‘ however, were statistically different
fron normal (F(1,205)=111.94, p<.001  and ¥(1,165)=73.4, <001,
respecti;gly), and from the results seen on days 5 and 10 (D5 vs D15:
F(1,227)=90.4, p<.001; DLO vs D15: F(1,22%6)=103.4; p<.001; D5 vs D20:
F(1,187)=48.7, p<.001; DLO vs D20: F(1l,186)=55.2, p<.001). By D25,
: labelling in the GC/OFL had appeared to return to normal levels (s’ o
Figure 11), Of the four fish analyzed,n73 observations were tabulated.-

A In<R> value of =0.0898, SE=0.052 was calculated, ‘which was not

different from normal values (F(1,161)=2.13, p>.001). At 35 days

3

t pasﬁ~suréery, 77 ragioé were.gathered from four fish, resulting in a .
( . In<R> ~value {;f 0.0792, SE=0.073 (see Figure 12). This result was not
'®  different from that seen on D25 (F(1,148)=1.53, p>«001). Flnally, at 50
- dayi following axotomy, an In<R> value of ~0.0445, SE=0.067 was
‘ calculated (see Flgure 13) from four fish. This value was not distinot
from that scen on D35, D25, or normal animals (F(1,142)=1.54, p>.001,
F(1,138)-.29% p>.001, and F(1,155)=3.35, p».001, respectively).

) =

’ »
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In“Figure 14A, a summary of these fresults 1s presented... The
Fa o

7 (3

‘abscissa is marked by days following unilateral optic nerve crush.  The" "

rd

right ordinate 1s the mean value of "the ratio’(axotomi%ed:control) of <

labelled cells (<R>) and the 1eft'brdinétehis the value of 1n<R>. In

e >

brackets, the number of observations..followed by the numher of tigh

examined .are presented. Error bars represent the standard crror of ) *

'
r

-

1n <R> [ 2 . o 2 - \

4

. * e
The major conclusion from these data is -~ that optic nerve crush

-

affects -the mnormal numbers of ¢ells incorporating 3H—TdR in“the GC/OFL

-

lafer. The magﬂitude o£ﬂthe diffefence 1s dependent upon the A ime

Q

following axotomy. As , early as fivgpdéys following axotomy, ecnhanced

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

a

a§otémized retina. The enhanced linear density of labelled.ecells

E) -

- LY P

.rqa?iﬁs high for up to 10 days following-axotbmy, then hraaual!y Feturns !

© 1) v

to normal levels. . ) ‘ ) . . )

4 v o~

mThe 1lnear density of labelled cells appeared to 1increase in the

more central topographical regions. An additional ANOVA was cxdeuted in

-

orderto determine whether 1n<R> differed significantly as a funét ton of

topographlc Jdocation. Data were grouped into peripheral, middle’, and

-
Q

central locations (résulting in three 1n<R> values for each fish) nqg

»
L]

ana]yzed across ,times following axotomy.’ 'Signiffcant differences were

‘8
seen between groups at various post-operative periods (F(],28)=t.827,

p<-001), and between topographical location (F(2,%56)=8.893, ps.001).
This difference 18 a reflection of the increased thickndss of the GGIOFL

in  more central topographical regions. . There were no  reliable

[+

L]

interactions (F(14,56)=2.368, p».00L).
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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 ;in a description of the somal morphology of the

-+ labelled cells.

» 4 e "

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

- Te examine what proportion of the iInitially labelled cells retains

the 1label in normal fish, four fish were injected intraocularly with

a

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

for light microscoplc autoradiography as described above. To assess the

¢ .
ecffect of optic nerve crush on cell proliferation examined 1 month

following 3}I--TdR injection, bilateral injections were performed on fish
at various post-operative periods: 5, 10, 15, 20, iS, or 50 days
e g

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

the exception of!f5 days in which 3 fish were recorded. Oné* month

later, these fish were sacrificed and processed as described above. -

”, .
.

- *®  RESULTS : , . .

™~ <+ ' Yo

a. Normal (GC/OFL-N(LS))

H - - © o
4 1

One month following intraocular thymidine 1njec;10n, no differences

Ge

are seen between the two retinae of a single fish., The mean linear
1 3

densities of the number of labelled cells/10 mm are A=9.0 vs. C=6.1,

A=10.7 vs. C=10.6, A=38.6 a ¢=33.1, and A=1.3 vs. ' G=1.0.

-

= )
b. Five Days Following Unilateral Optic Nexve Crush (GC/OFL-D5(LS))

a
o
-

1 wy
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Five days following unilateral axotomy, more tagged nuclel are

found in the GC/OFL of the axotomized retina, when fish are sacrificed
30 days after 34-Tdr injection. For two of these fish, labelling is‘low
as can be seen by their mean linear densities of A=2.0 wvs. C=1.6 and
A=2.5 vs. .C=l.6. The label appears evenly distributed across
topographical regioné.‘ In two other fish, the” linear densities of
labelled cells are slightly higher (A=9.3 and C=3.91. The mean linear
density of labelled ced¥s/10 mm is higher in the GC/OFL of both retinae
in the peripheral retinal regions and decreases toward the more central
regions. 1In the last fish of this post-operative group, a diff@ront
topographical trend is evident. In the GC/OFL of the axotomlized eye the
density of label increases in an almost linear fashion from peripheral

- :tg, central retina, while in the non-axotomized Leye, the density of the
- labelled cell population appears to remaln comstant  across  the
topographical gradient. The mean linear densities for this fish are

A=57.0 and C=14.9. :

¢

!

c. Teén Days Following Unilateral Optic,Nerve Crush (GC/OFL-D1O(LS))

The number of labelled cells/l0 mm is low in all fish examined ten
days iollowing axotomy. Fréquently, no labelled nueled are seen in a

section. No topographical gradients are evident. No conglistent
Y. J’
differengg:*in labelling density between the axotomized and control

retinae are seen. The mean linear density ficasures for these fish are
A=2.5 vs. C=5.1, A=0.8 ws. C=0.5, A=4.H vs. C=8.9, and A=4.9, vs.
C=13.6.

-

»

1

d. Fifteen Days Following Unilateral Optie Nerve Cruih (GCIOFL-D15(LS)Y )

r,.r' % R

¥y
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° A similar result to that seen at DIO (GC/OFL-D10(LS)) following

dnilateral axotomy is found 15 days following crush. In two of ‘he fish
exgmined, labelling . 1s low as is evidenced by mean linear densitié§ of
A=l.4 vs. C=1.9 and A=0.9 vs. C=1.2+ 1In these two fish, sections are
often devoid of labﬁl. In another fish, the density of labelled cells
in the GC/OFL of the axotomizgﬁ eye is 28.1 labelled *cells/10 mm, while
an equivalent linear density is seen in the GC/OFL of the control

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

[y

retinal regions. 1In 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/lOfmm 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. h

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

an

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 are ‘A=15.7 vs. C€=10.0, A=8.9 vs.

0‘14-8, A=1-5 VS« Calll’ and ASB-G VS C=17050 -

-t \
.

f. Twenty-five Days Following Unilateral Oftic 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,
9 -

labelling was linear across all topographical regiong, A=3.4 and C(=7.2.

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

regions as compared with the more peripher 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 the .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 Followling 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 devold of
labélled celis. There -90 not appear to be any topographical trends.
The mean linear densities for these fish are A=1.8 vs. C;l.l, A=0.8 vs.

C=1-2, A=O-8 VS C=0h8, and A=3.7 vs. C=5.4.

DISCUSSION
To examine whether there was any difference ignlbbelliﬁg densities
between the two eyes of intact fish, examined 30 days following 3H~ng
injection, Student's t-tests were performed. Linear “densitios between
the two GC/OFLs of the intaétcfish were not statistically differenl
(¥(1,31)=1.28, p>.001, F(1,40)=.03, p>.001, F(1,42)=5.06, pr.00L, and
F(1,11)=2.22, p>.001, = respectively). There 1s one 'qualitativo

|

observation that should be noted at thls * stage. ,Iﬁ addition to ' the

lower linear densitles éeen 1 month following fnj@5t10n (as compared
with 1 day following injcction),’ the density of gilver grains per
nucleus 1s obviously lighter at the 30 day survival period as compared
with the 1 day survival perfod. The criterion for a lahelled cell
employed in these studies 1is 10 sllver grains per nuo]eu;.‘ In most

cases 1t was necessary to count all 10 grains to 1insure that the

criterion was met, On the other hand, this 18 rarely necessary in the 1

n
A
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day survival group because on average 50-150 grains are visfble, often

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

Optic mnerve crpsh exerts a clear modulatory effect on GC/OFE‘cell
birth when the survival period follo&ing‘thymidine }ndection is 1 ﬂday.
One monlh following 3g-Tdr *a;ministration, *the ;esults are more

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

L

across times following axotomy, an ANOVA was run across the 7 groups
(normal, D5, D10, 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 raxotomy. The 1n<R> value
for 'the 59 observations on four normal fish was 0.0245, SE=0.063. By D5
a significhné lncrease 1in labelled cell number dés found in the

axbtomizedrretina:(1n<R>=0.7046, §ﬁ;%.104) when compared‘with the’iﬁtqct

g
group, F(1,114)=31.6,p<.001. Fifty-seven observations from four fish

Pl

¥ [} {1 - -~ .
were Gompiled for this result. From the *55 obferved ratios taken from

N
>

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

cells in the control GC/OFL 21n<R>=0.4746, SE=0.093). The 1n<R> value
v oL

tound at DlO was significantlx* different frbm that  seén in intact

(F(l 112)*20 1, p<.001) and D5 (F(1,110)=70. 9 p<.001) fish. At D15, 68
AN
observations from four fish showed that normal vallies were reached

a

LI ' N
(In<R>=0.1171, SE=0.096). The ratio of the linear demsities seen on D15

was statistlcally different from that seen either at D5 (F(1,123)=17.22,
p<.001) or DIO (F(1,121)=19301, p<.001)y th not from that found in
intact fish (F(1,125)=0.61, p>.001). Thel67 observations tabulated on

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

{in(R)*wO.Z&ﬁl, SE=(0.092). This value was distinct  from \Dﬁ

L4

S = o

- \

o
s
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5 . N
(F(1,122)=46.79, p<.001), but not from normal, D10, or D15

i

- 0 S
¢F(1,124)=5.48, p>.001, F(1,120)=2.99, p>.001,. and F(1,113)=4.71,

p>.001, respectivelyf. At D25 (6lgobservations from 3 fish) and D50 (32,

3

found (In<R>=-0.2949, SE=0.160; 1n<R>=-0.1134, SE=0.129, respectively).

S;udeqp‘é t-tests showed" no differences between D20, and D25

5 57 “

(F(1,126)=0.08, p>.001), D20 and D50 (F(1,97)=0.67, p3.001), or D25 and

D50 (¥(1,91)=0.58, p>.001). These results are graphically po%trayed in
e . N 5 )r 1

Figuve 14B. Accordiﬁg o the results obtainéd‘from multiple t-tests,

. b

normgl=D15=D50 and D10=D20=D25=D50, one can reasonably conclude that the

- -

' - o ” ) - A &
only experimental time differént from control (and by extrapolation all

other groups) is D5. ‘ .
. P T

To test whether labelling ' densities Vvaried with topographical

=

L]
2

1oqation, an ANOVA was performed. There was no reliable difference as a

LY

result of time following nerve crush (F(6,20)=2.291, p>.001) when all

1)

observed ratios were pooled into topographical location. No difference
was \ seen between topographical regions (F(2,40)=2.574, p>.001) and no
interactlons were evident (F(12,40)=1.0?2, p>.001).

In addition to the lighter graiq dengity over individual nuclei
that is found 1-month following thymidine injection, labelling in this
particular Iayer is sparse and relaéively capricious. Many sections are
devold of any labelled ;ells. Tﬁe labelling pattern in this 'lamina is
not * particularly consistent across the later time intervals. This is
manlfest in thé 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 qg. - This

S

<
]

*

L1

)

‘obsetvations from 4 fish), similar results to those seen on DZd wereu*“w

-

o
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suggests the possibllity of two distinct populations of cells located in

&

the G(&(OFL, one of which becomes pevst—-mitotic shortly after axotomy and

©

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

-

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

o

populations is 3nc1ear. *4

+ N -

. " 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_

ochrring in the ora terminalis at the time of injection. Ope month

following administration of the radiolsotope, those cells originally, -
¥

incorpora;ing the tracer have been displaced by the newer germinal’ zone.
} t

Hence, the older ora terminmalis, which is now labelled; occupies a more
4 B

o

central position.
-

ULTRASTRUCTURE OF LABELLED CELLS IN THE GC/OFL - .
Cells that incorporate the tritjium-labelled pyr:hnidine"’“r base,

thymidine 1in the GC/OFL appear to be uniform in character (Figure 15).

o

The nucleus is irregularly shaped and occuples most of the area of the
perikaryon leaving relatively 1little cytoplasm (Figure 15C). The .
nucleus is composed of densely stained material arranged in grarfular

clusters. There are however, multiple cytoplasm-filled processes giving

2
s

the overall cell morphology a multipolar appearance (see ‘Figure .15D).
LY

These processes are associated with bundles of small (0.05- 0.19:um5

9
i

diameter fibers passing through the regionm, often partially encircling

9

them. The*cytoplasm contains clusters of free ribosomes a%g often large
" -

(0.5 um) residual bodies are seen. Mitochondria are often found within '
2 / e
the plane of section through thke cell (see Figure 16). .

1

. ¥

Y

>

2

@
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1

The above ultrastructural features suggest that these cells are ﬁog

&
retinal ganglion cells. ,Retinal ganglion cells contain sa centrally

Y

- located nucleus, usually round or pear-like in shape. .Using routine -
‘ L

/
- electron microscopic staining, oQg can see that the nucleus etains in a

o ’ M

granular fashion, but not nearly as densely as the 3H—TdR labelled cells

described hereanghe ganglion cell soma is usually ovoid with a dendrite

o

directed into the IPL. The cytoplasm is Sparse'and contains rER present
oS ’

f
U
' .

- as single profiles ratlrer then parallel arrays. Free ribosomes are
present but nof in large quantities (Murray & Forman, 1971).
The second point, therefore, is that the labelled c¢ells described
s

here are most likely non-neuromal. Murray and Forman (1971) showed that

>

in goldfish, 6—-14 days followlng axotomy, glial cell bodies within the

P

ganglion . cell layer are more common. They state, however, that mitotic
A IS

figures WErg never seen in the retinal ganglion 'céll layers Since
thymidiné is a DNA precursor. and is so avidly incorporgted by these
——— cells the last statement is probably a reflection of their sgampling
procedure and not the actual state of events. Figure 16 illustrates one

of these cells chptured during nuclear division. This ultrastructural
h AN

R characterization is ¥ purely descriptive. To confirm the identity. of

these cells, immunoc§ ological technlques (eg. glial fibrillary acidic
X

proﬁ%in (GFAP)) would hav]’ to be employed. However, from the cell

g
¥
tics, and cytoplasmic congtituents, one can

n

location, nuclear characte

! érgue convincingly that the labelled cells are not retinal ganglion

@

¢ells., -,
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Figure 6. Topographical Distribution of the Linear Densi}y'sgg

Labelled Cells in the GC/OFL- Normal, Short Survival

In this, and all subsequent series of graphs drawn from individual fish,

[

the following conventions apply: The abscissa refers to the section

number (i), which in biological terms -is the topographical gradient,

o

where section 1 is ﬁhe most peripheral retinal ring (excluding the ora
A
terminalis) and progressive sectlons refer to progregssively more central

H

A"
tigsue. Each fifth section represents a retinal ring approximately 80

, -
.

un from the previous ring. No equatoriaﬁ section with a circumference

¥

of less than 5 mm is ineluded. The upper ordinate is the average number

L 3

of labelled ce%lelO mm of clrcumference. The lower ordinate reflects

<
i v

the actual ‘-circumference examined (mm). The term "short survival” in

-

the title refers to a1l Day survival interval following 3H—thymidine

U
injection. In this Figure, the dashed line represents the right eye,
! ' B

while the solid line rep}esents the left eye.
! ¥

8

A. This fish received a sham-right optic nerve crush. The left optic

nerve was left intact. | '

.
+ ! )

B. This fish recdived a sham-left optic nerve crush.

u
-
[

C. and D. The retinae from two intact fish are deplicted in these

a

graphs. / '
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Figure 7. Distribution of Labelled Cells in the GC/OFL- (D5, SS)

In these Figures, the converntions described in Fiéure 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 3g-Tdr injection. They were sacrificed 1 day after

f
injection. Note the change in the ordinate for C, D, and L. /

7

@
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Figure 8. Distribution ‘of Labelled Cells in the GC/OFL-~ (D10, §5)

A, B, C, D, 'and K. These fish received bilateral JH-Tdr inject fons

©

»
fifteen days after unilateral -optic merve crush. They were sacrificed 1

day later.

®
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‘h 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 3g-Tdr injection. They were sacrificed 24

hours after the injection. ’ v
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Figﬁre 10. Distribution of Labelled Cells ié_the GC/OFL~ (D20, SS)

<

Twenty days following wunilateral optic mnerve crush, these four fish

by

recelved bilateral 3PI--TdR injections. They were sacrificed 1 ‘day later.

4 . .

&
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Figure 12. Distribution of Labelled Cells in the GC/OFL~- (D35, SS)

a

Thirty-five days after unilateral optic nerve crush, these fish received

. bilateral injections of 3g-1dr. They were sacrificed 24 hours later.
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Figure 13. Distribution of Labelled Cells in the GC/OFL~- (P50, SS)

Fifty days after unilateral optic nerve: crush, these fish received

bilateral injections of 34-Tdr an& were  processed for light

autoradiographic examination 1 day later.

4
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Figure 1l4. 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

-3

of labelled cells (axotomized:control)‘(<R>) on the right scale and the

¥ -
natural logarithm of <R> (In<R>) on the left scale. In brackets are thqg

number of observations compiled for each post-operative period followed

the qumber of fish from which the individual ratios are taken. The

&

by
dr:;L bargatepresents the standard error of the In<R>.
o -
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 iﬁzzrporating the isotope as early as
5 days following axotomy. This level of labelling remains elevated at
D1o. At D15 and D20, enhanced labelling 1is still,evideét in the
axoto;ized GC/OFL, albeit to aflesser degree. By 25 days and onward, no

A

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 1s an
enhancement 1In cell labelling in the axotomiéed GC/OFL 5 days following
axotomy. By D10 a revegfal is seen, with mor; éagged nuclel 1in the
control GC}OFL. At 15 days following crush, no differences,b’een the
two 1is evident,” although there appears to be decreased labelling ?ﬁ the

axotomized retina at D20, D25, and D50. Statistical analyses reveal

*

that at these experimental times the densities of labelled cells ared

¢

equivalent.

i
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of a labelled cell (arrow). ?his fish received a neérve _erush

LAY

-

N

3

t10 days

prior to injection #iihl tritiated thymidine, and was sacrifdced 1 day

- B}
later. Calibration bar: 25 pm.

.

2

M.

[

.

€

[y

.

.

&

4

>

n |
EE‘ Electron micrograph of the same labelled.cell Ld%ptigied in A and B. &

The nG??EQE is irregularly shaped and ocgupies a°1arge preportion of the

o

voa

k3 “ﬂ)

[

3

cell soma. “Note the cytoplasmic procéés fiear the top, of the micrograph.

Calihration bar: 1 um.

ur

L]

>

-

This process -appears to surround the
14 I

-~
-
-t e

[

&

3

< I ;,5
small fibers ' in the regiorf.
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Figure 16. Ultrastructure of Labelled Cells in the GC/OFL v

o
LY

A. An light microscoptic autoradiograph illustrating the location of

the tritiam tagged cell (arrow). Calibration bar: 25 um.

¥

<

B Higher power micrograph of the labelled cell. Calibration bar: 10

e
-

m. -

o

C.. Flectron micrograph of the same labelled cell identified in A and-B.

This cell appears to be caught in the process of nuclear, division.
) .

2

Calibration bar: 10 am. , .-

D. Higher power 6icrograph of the region delineated by the arrows in C.-

4

The arrows emphasize the reglons not yet separated. Cal}bration bar:

0.5 am, .

-
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IV. CELL PROLIFERATION IN THE RECEPTOR CELL LAYER

.
o "

Preliminary studies revealed that the GC/OFL was not the only
# . ¢
retinal lamina whose mormal cell birth pattern appeared to be modulated

o]

« following opticN fiber axotomy. Although there was no 'hpparent
.\ i

a
&

modulation of celd proliferation in the INL, 34-rar incorporation in the

*

ONL. appeared tb be selectively affected by axotomy of retinal ganglion

cell axons. The pattern of this modulation was examited 1 day or 30
]

&

days following injection‘of,aﬂ-THR. . N\
) A X .
i j ¥ 2
o EFFECTS OF OPTIC FIBER AXOTOMY ON CELL PROLIFERATION IN THE ONL

EXAMINED 24 HOURS AFTER THYMIDINE INJECTION
ﬁ%ur normal fish received intraocular injections of 3H—thymidine

and one .diy later, their retinae were. processed for light microscoptic

-~

autoradiographic examination as described iIn general procedures.
% ~ N -

)

. Unilateral. ONC's were performed on_ 32 fish. At various -

PEY - . :

post-opersdtive periods: 5, 10, 15, 20, 23, 35, or 50 days later,

* hilaterafz§3ﬂ—TdR injections were administered. Ones day following

fﬁjéction, the fish were procéssed for light micﬁoscopic autoradiography.

rd
1

as described in general procedures. . "
~ . Ty

)

Ultrastructural observations were made.to characterize the identity

#-- of the cells labelled wish Jy-1dR. |
= o . x &
RESULTS .- s re” ,
¢y ° - L3 ;‘);
‘a. . Norma? (ONL?ﬁ(SSZQ T e i

£ 4] v
.
N - 3 ¢ o~ \i

"In Fig&?ef’17, individual data frem four fish examined 24thdnps

L ¢

L)

’4% fol&gwing thymidine adminijtrétion are presented. The  graph in 17A
rep;egenrs 4 ftsh" that underwent " a sham-right opti¢c nerve crush. .'.

a
i M N - '
s . ]

‘ \
3 v [} n
B
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a

Although there is some variability, differences between the densities:of

labelled cells in ths receptor layers of the two- retinae are minimal,

L d‘

The' mean linear densities for this fish are A=40.9 and C=37.9. A less
w’ 58

severe version of this distribution is seen in Figure 17B, where this
fish received a sham—-left optic nerve crush. The labelling is similar

’ - =~y
between the tyo 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

- A
1)

"earliest sections are probably indicative of some remnants of the ora

1)

terminalis. = Although the germinal +zone was selectively omitted {rom

,cell counts,lphe'first few sections off the block may be obliq?? with

!

S \ @ - 3
respect ¢ to the equatorial axis, and thus contain%mall reglons of the

r
¥ @

‘more densely tagged regiong. Regardless of the topographical pattenno,

it ‘Ils clear .that overladp is almost complete betwesn the two }yes of u1

2}

‘osingle fish. In Figures 17¢ and 17D, two iptact fish are depicted.
T » \3“' 5

Their mean 1linedr densities are A=12.9 vs. C=13.6 and Ai3?:l VE .

°
N

¢=32.8. For these two fish, there Is uhifgrm Iabelling  acrass  the

. N )
entire topographical region.: Fluctvations appear minimal. The germinal
‘ ’

A
zone appears. to-have been entlirely excluded. ‘

-

b. Five Days Following Hnilateral Optic Nerve Crush (dNL-D (85))
oo :

&

In Figura 18, the Andiwvidual graphs from § fisﬂflhat roxe!vud

unilateral NNG's fcllawed by 3H-TdR iujertions and ﬁafrificvd 1% day

o ° N
later are’ repreqented. . In gencrat, nth%re dor nnt appear. to he any

A Ld v'( r\
‘regular trends with regard to lahellinz patterns withfn the ‘two eyes of’

¢ -

‘an 1ndividual f{eh although thare are cansistent patterns across fish.

w

"In Figure 18A with the exception Qfdthe first three avotionﬁ uxamined,

v
" 3 v 4 °
N A Yoo ©
ﬂ,‘; o v
*d
*® hd g
* n “

-

£
A
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labelling appears to be quite uniform between the two eyes of this, fish. _

g,
v There is a clear decreasing function as one moves from peripheral ‘to |

¥

w o~

central retinal regions. The mean linear densities for this fish axe .

94.1 (axotomized) and 74.7 (control). The fish represented in Figure

k4 ¢

188 has a much greater degree of variability both beiﬁeeﬁ sections and

. between eyes, although éhere is a tendency for a grﬁatg;ﬁadegree of

a

labelling in the axotomized receptor layer. For this fish A=165.5 and'

G=135.6. The labelling distiibytion appears linear In Figure 18C, the

pattern of labelling across topographical regions is similar to tbat

» sy - Y
, seen in 18A. In the most central’' regions examined, more labelled °

1 ¥
H »

. ) .
cells/10 mm are present both in the control and axotomized receptor

a

- layers. Differences betyeen t two eyes are not Apparent (A=119.7 and

et T Q§=13ﬁ;3;.‘ Again, the graph of [the fish represented in 18D resembles the -
. T e . ) .
’ 7 ' topographical distribution secn in both *18A add 18C~ initially high
) ? L ‘f . labelling activity, followed by a decreased amount of labelling as one
i .o moves from peripheralmeto cent;al territory. In 18D, - however,

* .

‘ ’ differential 1labelling between the two retinae is more pronounced, with

’, '

.- N a higher proportlon of tagged nuclet in the axotomized receptor ‘layer

- " (41.7 1labelled cells/l0_mm) as compared with the control (32.4 labelled

a a -

vells/10 mm)"l)In Fighre 18E, the final fish‘ in, this post-operative ’ "

s . L] - .
’ group 1a[depictedu There is a high degree of fluctuation both withkin a *
L ’ N ¢ i ’ ®

v " L \
single retina.across the topographical ‘plane; and between the two

-
»

>

retinae. For this fish, A=85.9 and C=96.3. " " ' .
/ * . ’ : " - ® / :f ‘- , .
* ¢. Ten NDays Following UnilateraI(Optic Nerve Crush (ONL-D10(S5)) S,
‘ B ¢ . ’ o ¢ 5 >.
/ A" Ten days following unilateral axotomy is the only ‘po%t—Operhciv%
- R ! & - B § o
" P » ’ s s | 'ﬁ’! ’
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W . ‘ ¥
o a £
E] ~ '\«
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¥

period where consistently more- labelled "cells are. found in the

M

photoreceptor'iayer of the crushed é&e. In Figare 19, .the five fish
examined at this experimental " time arehillustrated.° In Figur; 194,

;Here is a clear difference in the linear densities of labelled cells

N —

between the twWo retinae. The mean number of labelled cells/10 mm in the
4 ®. L 0

\
axotomized' retina is 73,7, while only ZZ-?/IOﬂmﬁw retinal circumference
are located in the control eye. This reflects an enhancement of
R .
labellgg cells as a result of optic nerve crush in the receptor layer.
" -2

For this ¥i8H, ~ topography does not appear to bé "a factor in the
.9 ~ e L
1abelling pattern. In Figure 19B, a similar resuit 15 found-

consistently smore labelled éells in the receptor. laminﬁ of* the
, &
agotbmiza@teye (A=72.5 and C=26.6). The function is U-shaped, with" a

s

higher’ density of tagged nuclei in the mq&g\p&ripheral and ventral

regions examined. For ‘the fish denoted in Figure 19C, -there are more

hd *

labelled ‘cells in the ONL of the axotomized retina. There ig no overlap
f oy

[ o l{ql -

&
between retinae., This gtfaph illustrftes a decreasing nyyé, with some

[4

B X,N_
degree .of variability between sections of Lho same .retinal ~The, mean

T &

linear densities for this fish are A=87.1 and P=33.:. In Figurp IOD

&

more labelled cells are fourd in the oxpérlmental rgvoptor cvl] layn

* J . e %

(A=110. 8 and.C=73.1) although there is more "overlap than was qunn*“ln
y I

19a~C. Note the change in scale on tho ordina*e,jnr Fignrv 196. The

funvtion is clearly asymptotic. In IQE the last fish frum lhis

Il

post—operﬁtive pgribd 1s deplicted. Qredter varkability is ovidont in’

this' graph, but the overall .trend is the same- more labelled cells in.

‘.
' n
P

the ONI. of the axgkomized eye {A=68.4, 0-46.2). There does not appear

% w

“to bg .an correlation between lahélling density -and qdpoéraphira] o

s

o »
. € [ [ L] IS Ll
» + n 1 ¢ \d

¢
.
- p +
. + ¢ v s ® e ‘g
. - [ «  #
) ’

2

L
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The fish presented here illustrate the modulatory effect of nerve .

crush on the photbfécEptor lamina of the retima. Ten days following

t

unilateral axotomy is the’ only post—operative period where consistently

X

o

more labelled cells are found in the photoreceptor layer of the crushed

eye. As will be presented in the next sections, other modulatory trends

2

are evident, but with\;he opposite pqlarity. \

e

-

d. Fifteen Dayﬁ Folldwing Unilateral Op@ic Nerve Crush (ONL-D15(SS))

w s
%
[ A “
£ ' ¢ ° -

) 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 19 a clear asymptotic curve for both eyes;

w©

| ' number of lnbéllad cells/lO mn in the ONL of the axotomized eye is 64.9.

+little difference in the density of labelied cells is apparent. The
‘mean 1inear density for the axotomized eye is 49.3 yébelled cells/10 mm,

while 1in ’ghe control eye, 55.8 iabelled cells/10 mm are seen.’ In .

Figures 20B and 20C, minimal d{%fe;ences between the two retinae are

evident. There is ~a small tendency toward more tagged nuclei in the

¥

peripheral retinal regions. The mean finearadensities are A=25.9 vs.
b ) & N

,C=31.9 and A=14.9 vS. 6:15 4, respectively. The 1abe111ng pattern

indicateﬂ in Figune 20F is irregular. . There is a some Variability

b4
1 Q

betb&en d¥§;&ons and there sgem td be more labelled cells in the .
"' }“ 1} .
no?axotemizad photoreceptor lamina as compared with the axotomized ONL

[ @ »

',, -
(A*ZZ.Z, C=48. 1) In thures 20E and 20F, a clear reversed trend is

segg (note thenghauge in scale in. the Ywaxis). In Figure 20E , the mean

Q

4 -, PR

k}
The\averqge number-of labelled cellsflo mm in thgdyontxol side is 108 2.
J}la ’&‘33 I - ) v
’ .7'\,‘ " o“ to [P 3 " i Q a' ‘t‘lu

v -
o v
B
t W ) .
o
' > 4 A
M B
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A clear topographical trend‘is evident. In Figure 20F, a differential

labelling pattern is also evident. Less labelled cells in the ONL of

the ‘axotomized retina aré present. This curve appears U—shﬁped in
conformation. The mean number of labelled. cells in the. axotomized eye
is 108.7, while din .the control eye 185.4 labelled cells per 10 mm is

seen. This suppression of labelled cells 1in the‘ axotomized receptor

13 4

lamina appears to be consistent for the next 10 days fcllowinggaxotoﬁy.
- ® ¢ o
i\ @ N

a A

e. Twenty Days Following Unilateral Optic Nerve Crush (ONL-D20(SS)).

- —_ P

©
o

Twenty days following axotomy, more labelled cells are evident in
. o )

. - s
the photoreceptor layer of the intact eye as compared with the

Fl

photoreceptor“iajer of the axotomized aie. In Figure 2%}, 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 t&o

i N

4 ! . he Eang .
.eyes, The mean linear densities for these fish are A=132.6 va. -

C=275.9, A=142.2 vs. C=247.8, .A=26.6 vs. C=41.6, and A=52.3 vs.

Py

. . . “
C=74.9, for A-D. In Figure 21A, a relatively linear pattern’is scen for

o both é&gs. The topographical - location does not appear Lo have a

a*

seiéctivé influence on 1ébelling pattern. The retinae represented In

Figure-21B-D appear to have a higher density of labelled cells {n' the
« rn ‘e < s J ® .
" peripheral retinal regions. As one moves toward more central retina,

hd £

' labelling decreases. The relationship between .the intact and axotomized

- L3

*
]

N layers remains consistent. >

4 a

-

[

f." Twenty-five Days‘ Folinwing Unilateral Optic Nerve Crush

o

. ! . (ONL-D25¢S88)) .

" U

.
e P E wa ° * - s I -
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A similar labelling distribution to that seem at D20 (ONL-D20(SS)).

is witnessed 25 days following axotomy, when fish' are sa;rificed 1 day
following - injection of 3H-TdR. More labelled cells are found in the
intact ONL as compared with the axotomized side. In Figgre 22, these

8

four fish are represented. In gené;;I}\?ore labelled cells are found in

- the more peripherdl retinal regions, although there is .an occasional

-

increase in central retina (eg. Figure 22A and 22C). The mean linear

A 2

densities of the number of labelled cells/10 mm in the axotomized eye as
compared with the control eye for these fouyr fish are A=TN2 _vs.

C=99.7, A=113.5 vs. C=222.5, A=68.2 vs. FC=132.0, and A=37.7 vs.

0-8003. ' ' .

B. Thfrty-five Days }hﬂlnwing Unilateral Optic Nerve Crush

(ONL-D35(SS)) .

&

M [

Thirty-five - days following unilateral~ ONC, when fish are

3

bilaterally injected with tritiated thymidine and satrificed one day'

later, the resultant labelling pattern in the photoreceptor layers, of ~

@ L3

the two retinae apﬁéars;like that of an intact animal. 1In Figure 23,
four such gish'are presented (see Figuﬁe 17 for comparison). Although
there 1is slightly more variability (Figure 23C and 23D), the’ overall

pattern is similar. A higher number of labelled‘'cells’is seen in the
more pE}ipheral retinal zones; this function decreaags ds one moves to

more central topographical regions. ‘The mean linear densities of the

axotomized and control retinae for these four fish are A=17.4 vs.
» N LI » I

’ c.lgu 2" A*!‘Z} b VE . 0;39¢1’° “A‘{OB:] eVE o 6-14616, al‘ld A"lQ‘}.()*i?Q-

Q“156.5. ) . P . . . o

L3
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h. Fifty Days Following Unilateral Optic Nerve Crush (ONL-D50(SS))

Iy
]
»

" By 50 days following uniTateral axotomy, little difference between
the labelling %attern in’ the two retinae are seen. In Figure 24, these
fish are illustrated. All display a decreasing or asymptoting function,

with close asgociation between the two eyes. For these fish: A=28.2 vs.

w»

s 7
C=22|1, A‘=ll|'35 VS C-‘-‘315-9,"A=55-4 VS C=45-8, and A=58.5 V5. C=58.8.

-

w

DISCUSSION » N

- o
N
? s

The first question I tested is whether there is a difference in

. i ’ )
cell’proliferétion between the ONLs of the two retinae of intact fish.

In the receptér cgll layer‘ ;f the control fish, no differences were
found between the rétinag of either the intact or the sham-operated
animals. xhe 1n<R> for int;ct fish was*~0.1017, SE=0.061. TIndividual
Student's t-tests'between the two retinae of a single fish did not
;esult in sggnificaqt differences (F(1,46)=0.28, p>.001, F(1,40)=0.03,

p».001y F(1,53)=0.83, p>.001, and F(1,33)=0.06, p>.001l). As was seen in

the GC/OFL, 3ll—TdR injection and surgical intervention did not
differentially affect the numbers of cells whi;h Incorporated the,
tritiated thymidine within an <ndividual fish. Again, however, the
variability between fish was evident. There also Jappeared to bhe a
tendency towards higher c¢verall kabelling in the more peripheral retinal
reginns examined. This is likely carry-over from the ora terminalis.

To test the hypochesis that ‘the density of labelled cells 15
modulated following anilateral optic nervé crush, an ANOVA  wasg ruk
across experimental groups. In Figure 29%A, these results are presented.

A \
An analysis of vardance resnlted in a rlear effect of time follawing

2
-
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&

crush 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

s 1 B

the source of i«the difference. .

Rt

=

Five days following nerve crush, there was a slight increase in the

average number of labelled cells/10 mm in the axotomized photoreceptor

&

layer. When the 112 observations gathered from 5 fisﬁ were avergged-”

In<R>=0.1013, SE=0.043. Student's t—testé;howed F(l,200)i7.78, p>.001
when compared with, the intact group. At be,/ theée was a\\clear
enhancement of labelled cells seen in the axotomiééd retifia, as compared
with thé contralateral control. In 5 fish, 111 qbservational ratios
were tabulated., The IndR> value of 0.7636,/§é=0.064 was statistically
distinct from all other groups (Nprmal vs D10:«§(1,199)=91.9, p.00l; D5
vs D10: F(1,221)=73.6, p<.001)» Furthermore, this time following nerve
crush was the only point at which the numbers of Sp-rar 1abeiled cells -
in the photoreceptor layer aré higher in the axoto&ized retina than in
the control (see Figure 19). B} D15 a clear reveréal in 1labelling
patterns was seen (gee Figure 20). More tagged nuclei wete found i; the
control recéptor Ihminﬁ then in the equivalent axotomized 1layer. The
In{R> wvalue for 117 observations cn 6 fish\;as ~0.4761, SE=0.058. This
value was statistically different from normal (F(1,205)=19.18, p<.001),
D5 (F(1,227)=63.0, p<.001), and DLO “(F(1,226)=204.8, p<.001). This
trend was consistent across the next four experimental windows. At D20,
77 observations were tabulated from alfish {see Fipure 21). The In<R, )
galue of =-0.5109, SE=(.N58 was not, diffefent from D15 ‘vglues
(F(l,igz)no.lq, p>.001), but was distinct from normal (F(1,16%)=28.09,
pC.O1); N5 (F(1,187)=96.04, p<.001), and MO (F(1,180)=244.10, pc.0nl).

6 ¥ N °
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Twenty—~five days following axotomy, the suppressed level of labelling
was still evident in the axotomized retinal ONL (sce Figﬁro 22).

Significant differences were seen between D235 and  normal

3

(F(1,161)=55.65, p<.001), D25 and D5 (F(1,183)=156.2%, p<.001), D25 and

D10 (F(1,182)=280.2, p<.001), but not between D25 and either D15 or D20

(F(1,188)=6.55, p>.001, F(1,148)=8.29, p>.001). The 1n<R> value

obtained from 73 observations from 4 fish was -0.6827, SE:O.HAB.

Thirty-five days following ONC, Iln<R>=-.2211, SE=.081 which was obtafned

from 77 observations on 4 fish (see .Figure 2Y). This was not
& »

statistically different from normal animals (F(1,165)=1.42, p>.,001).

The return to normal levels wag confirmed by 50 days following axotomy

(see Figure 24). From the 67 observations taken from & iiéh, .

1n<R>=0.2097, SE=0.072. This 4s not difterent f{rom normal tevels

L]

(F(1,155)=10.89, p>.001),

4

In Figure 25A the mean vialue of Lhe ratiov {(axotemized:ieontrol) of
1

labelled cells <R, and the 1?<R> values as a function of the survival
period following optic nerve crush are summarized. The overall patiern
éf 1ahelli5g appears to be biphasic, with an enhiancement of lahoiiinu‘in
the axotomized eye ﬁp to 10 days, followed by a maximal supprv»kiyn At
about 25 days after axotomy, and a pradual return to control  level® hy

8

35 days. Thesse results suggest that axotomy aflcviq the numhnr: 1af

cells actively 3yn€he91zing DNA in the photoreceptor lamina  when  the
s

anjmal is  sacrificed 1 day {following administratinng o ’ﬂﬁde.

Eoliancement ot thymidine Incorporation in the cxperinental retion aeours

about 171 days following axctomy. Thia Jucrease in céVis enteriay 1

S -phase of the rell generatinn ey e Ix reedattuels xhort ~1{wed, Wy 1o

.S ,
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I
days and onward the number of cells dn the " axotomized retina 1is |

a
- @

(Y-l s
suppressed as compared with the control retina, The  decreased

inggrporation of thymiding in the experimental eye tontinues for about®2

Rl
v 0 -

.weeﬁs, with'a return to normal levels by about 35 days following
© < <

<
a

axoéomy . -
Ead x* o - °

The £final question "tested was whether modqlation of cell

«

proliferation varies as a function of topographical location. When °

5 .
these data were grouped into peripheral, middle, and central retinal

»
regions, significant main effects were confirmed across days following

-

axotomy (F(7,28)=5.561, p<.001). No effect of topographical location

(F(2,56)=.661, “p>.001) or“interactions between the Lwd‘(F(la,%ﬁ)z_708’
q ‘ %

p>.001) were found.- . .

; o

§
One interpretation of this fihding is that the precursor pool of

germinal cells which is scattered throughout the ONL 1s triggered -by

some change taking place in the retina as a result of axntomf. This

activation does not take placeauntil around 10 days followinﬁ nerve

-

crush. Following the initial explosion, the precursor pool 1is

"depleted” in some sense, such that less cells in the axotomized retip?/

are able to enter successfully the S-phase of the cell generation qyiyg.
This depression in the numbers of cells Incorporating Lr;y{;Lud
thymidine iasté for gome period of time (approximately 19-20 duyé) ;itor
which time the precursor pool appears rcp]e;ishvd. By 50 days following
axotomy, the numbers of labelled ‘cells in' both retinae are equal,

suggesting that any modulatory eifects of optiﬂvnotve axotemy on  eell

birth have ceased. -

o

+ $
A

Preliminary ultrastruc¢tural observations ' of the perikaryal
4

»

LY

2

-
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b / El
characterlstics. suggest that. these cells are "rdd-like" in nature. -

F=y W

Ultrastructural evidence for this claim will be presented after a

discussion of the events following aﬁl‘ﬁghth/é&rvival interval followihg
- ® n . 5
injection of tritiliated thymidine. ° L :
v, - ~ ,
EFFECTS OF OPTIC FIBER AXOTOMY\ON CELL PROLIFERATION IN THE ONL
EXAMINED 30 DAYS AFTER THYMIDINE INJECTION ! ) v

¢ %
In order to examige if ‘cells that incorpofate 3H~THR retain the
label, I examined intact-fish 30 days follo%ing intraocular ‘inj%%tion.

To examine the effects of axotomy on the labelled cell.population aftery

P

a 30 day survival pé%iod; fish received unilateral .optic nerve crushes.

At wvarious post-operative periods: 5, 10, 15, 20, 25 or 50 days later,‘

it
'S

both eyes were injected with 3H—TdR. One monfh% later, these animals

-
LI

were processed for light micr&scopic examination. . -

A

RESULTS

a. Normal (ONL-N(LS)) .
l '

) &
PR A . . -

When unoperated fish recelve pilateral intraoculaf'injeétio&s’of

tritiated thymidine and are allowed to survive for 1 month, the

M {
topographic’ .distwibution of labelled cell densities in thé receptor
f # 4 1
layer 1s nearly 1dentical”hetwqpn retinae. In Figure 26, these: data
from 4 fish are g%aphigallx portrayed. 1In 3 out of the 4 fish, there is

£

a strong tendency toward more labelled cells 1:? the most peripheral

regions examined (see F:lgurzas 26A~26C}./ This levels off in the central

reLiuaI‘gur}igories.(/In fiqh D, a 10w Iinear dcnsity of labelled 'célls

o ! o

1s evident (Flgure 26D). leiaronoas betwoen the two receptor aayers of *

P
individual fish are minimal, ITlustrating no Inherent distinctions

x ! \ -
! N . —
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etween the two eyes‘using this surgical m&nipulation. The mean 1inear‘/~-..4N

81ties of léhélled cells/lo o between the two pyes are A=106.1 vs.

o &

respectively. . , \

i /
’ ~

.

b. Five Days Following Unilateral Optic Nerve Crush (ONL-DS(LS)):

o

‘When fish receive a unllateral %ptic nerve-crush, are injected with
tritiated thymidine 5 dags later, and then sacrificed 1 month following
the injection, .more labelled cells are segn in the photoreceptor layer

i I ¥
of the intact retina. Four fish are presented in Figure 27. ng all 4
»

. 7 -v..“"’ . .
. r.fxsh ‘mbre 1abe11ed nuclei are found in the control ONL, although there

——

§

‘ ‘:&m "N
is some fluctuation between the retinae of each fish. Overlap between
)

the two eyes is /ﬂot 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. ©=24.2,

¢ ?
c. Ten Days Following Unllateral Optic Nerve Crush (ONL-D10(LS))
3 () “ - "\

“ .

In Figure 28, fourufish that 'were sacrificed 1+ month {ollowlng

Ty

injection of 3H~TdR are portrayéﬁl Axotomy appears to suppress the

denéity of labelled cells as %g seen by the solid line. Although there

is wvariabllity across fish:7 more labelled cells are present in the
' ‘ 4
photoreceptor layer of” the control side than the axotomized side In 7

'S
-

single f{ish. There is some tendency toward increased labelling in the

5

" +
more’ peripheral reglons (eg. Filgures 284, B, and D), with a décreasing

v

function as more central | fetina is examined.’ I? Figure 28C, a high

n

degrce of variabilfﬁy is present., but even in this case, labelling 18

P N

. " Y

k¥

o

‘l

! 12
-
.
. A
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7 4 . ‘-, . v -
P ) c%early greate¥ in the ONL of the .control retina. The mean- linear
I3 ¢ .

' ¢

hl s

&

densities for these four fish 4dre A=106.0 vs. C=193.6, A=87.4 vs.

L4 cH20u4, A=42.8 vs. GC=64.3, and A<15.7 vs. C=29.0. .
LN e o ' | '
; e d, TFifteen Days Follpw}pg Unilateral Optic Nerve Crush (ONL-D15(LS))
5 . ;l° ” Py 15 days ﬁPllowing axotomy,.éve; nore labelled .cells are seen iq
. f1; the phogorgééﬁtor) ;ayer of Eh% axotomized eye‘as compafed with the
: a ° control., In the fish ildustrated in Figu;es 29A1p; thig is particularly
e . clear.p The mean linear densities.are A=34.1 vs. C=91.4, A=25.1 vs.

C=93.1, and A=3122 ve. C=90.2 for these fish. In Figure 29A, labelling

’

in the axotomized eye follows a relatively linedr path, while in the

< control eye, an overall decreasiné function is observed. In Figure 29B,

*
3

. the graph is somewhat unique, and reminiscent of the labelling -pattern

N ‘seen in the GC/OFL. Both retinae appear to have an increased number K of

o ¥
4

A

abelled cells toward the more central regions. There are hoWever, more
a ’ f
labelled cells in the non—operated retina. In Figure 29C, more tagged

nuclei are evident in the ONL of the unoperated eye, The functfon forx

@
@

v . both eyes appears to be decreasing to a minimum value. There is no’

- ® 3 “ ]

° overlap: between the two retinae. In Figure 29D, there is ﬂouoverlap

&

between the labelling distributions of the two retinae. Although there

K are more labelled cells in the more peripheral retinal regilon, this %s

. not as pronounced as that seen in the other fish of tlils post—operative
group. The mean number of labelled cells/10 mm for this fish is 8.4 in -

the axotomized ONL and 18.0 in the control receptor layer.
. J‘LA
% v i

7
e, Twenty Days Following-Unilateral Optic Nerve Crush (ONL-D20(LS))
'y o .

o?

E

>

[
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« %
the densities

evideng when the fish are. observed 1 'month following thymidine

of labglled cells bétweén the
) e

“

1 h !

€ S Twenty days following unilateral optlc nerve crush, differences in

ONLs of the retinée are

v

o -
injection. Labelling is suppressed iﬁjthe photoreceptor, layer of the

axotomized eyé.

are presented.

.

The mean linear densities

®

< "

In Figure 30, four fish that underwent these procedures

are A=67.6 vs&  C=113.2, °

L

A=86.6 vs. C=189.0, A=33.4 vs. C=72.1, and A=8.2 vs. C=15.5. Figures

4

b v

30A and C illustrate the topographical variation in the labelled cell

»

densities in both the axotomized and control receptor layers. Labelling’
g

is higher in the more peripheral regions. In Figure 30B, a fish with
¥

o °

more variabiligy is presented. In all cases, more tagged nuclei are

“

‘

seen in the coﬁtrol)retina. The same holds true for the fish presented

N

in Figii‘e 30D, albeit¢gh§ topographical distribution appears linear.

° ‘»

L

Jf. Twenty~-five Days ¥Following- Unilateral Optic Nerve Crush

4

ONL~D25(LS))

/

<

3

e 3

13

'As  was found as early as 5 days following unffﬁteral optj&)nerve "

crush| and was consistent at all other postmqper,’ive periods examined,

more labelled tells are found in the photorecéptor layer of the control
@ ® A

<

L

retina as compgred with the axotomized retina of - the same fish.

Twenty-five

days followlng unilateral axotomy, the result 18 no .

13

different. In Figure 31, three fish under this experimental ‘condition

are presented

o

+ Figure 131A 1llustrates the changes that occur in the

density of the labelled cell population’ at different topographical

locations. More 1abélled cells are seen iifwthe wﬁre peripheral retinal

reglons in both the intact and axotomized ONLs, but” at all locations,

-

@

»

&
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3 <
with the exception of the most central, .a higher density of tagged

“
]

nuclei is found in the non—aﬁotomfﬁed,,receptor layer. The linear

3

densities of labelled celks/lO T in the axotomized receptor layer'ié

78.2, while almost double this amount 1s seen in.‘!ﬁm éontrol (130.1).
AY r i

In Figures 31B and 31C, two %1sh with less diff@kential 1abe11ing are -

seen. For,ghese fish A=43.8 vs. C=66.1 and A=22.5 vs. (C=36.l.

.
-~ T

Overall, the labelling distribug{d?s’ seen %5 days following axotomy -

|

appear to, be retu}ning to normal levels.” - . e °

\fl ] ¢

v o ' e ! ] )

g. Fifty Days Following Uailateral- Opti¢ Nerve Crush (ONL-D50(LS)) °°
) 3 A , .

=]

“

3

- -

.

By 50 déys :following unilaterél optic nerve “érdéh,“labelling

LN

%etween the receptor layers of the .pkotomized and intact retirae appears

"

{6 have returned to, ned} normal 1evels (see Figure 32} .Although there

¥
t

appears to be a grcater degree of variability between Jretihae, 'the

v

n

overail mean slinears denqities illustqate no consistent crends (A=14.9 ,

1

vs. C=20.8, A=35.7 vs.” 0=30.0, A=25.5 vs. C=18.1, and A=14.6 vs.

[ ki
A

L €=21,9). ¢ “ '

(5
2 N - . '»

DISCUSSION > : ,

° ‘. L
¥ v -

., The first question to be asked is whether the two retinae of the
5 M ad N {

same iIntact fish have similar deunsities of labelled cells when examined
3

£

30 days following ’H-TdR injection. Student's t-tésts _confirmed that °

the linear densitles b§§wéen the two eyes were not signffiééptly
? P .

different (F(1,98)=,006, p>.001), F(L,40)=.004, p>.001, F(1,42)=.006,

p>.001, and TF(1,25)=2.50, p>.001). ’Tﬁo 1n¢Ry value for Lhe .74

0

observations from these 4 fish was -.1198, SE=.006. oo

. The most conslstent finding when figh are exéﬁined 1 month
»

¢
' ' A
o

>

Ll
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following JH-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 aré examined 30 days

-

following injection? ¢ “

.
v »

1
@ » ’

An analysis of variance across the days follewing nerve crush was

* v

statistically significant (F(6,514)=39.878, p<.001). T-tests were used

to deterﬁine/the source of the difference. At 5 days following axotomy

- .

79 observationms were taken from four fish, In<R>=-0.6535, SE=0.66 (see

Figure 27). This was significantly different from that seen in intact '
s .

4

animals (F(1,151)=34.34, p<.001). A s%milar 1In<R> value was seen at Lo . .
R , . & ® ) .
(-0.5502, SE=0.049), which is distinct from intact (F(1,146)=27:25,

p<.001), but mnot from D5 éF(1,151)=1.66, p>.001) (see Figure 28).

Seventy four observations from 4 fish were complled to form this 1ndR>

0

value. TFifteen days following axotomy, a further suppyvssion’nf the

L

numbers of Iabel}ed cells in the axotomized eye was seen (Eigure~‘l9):

{1

The 1ndR> value taken from 85 observation.on four fish was ~1.1578,

-
i -

4 r
SE=0.064. The suppressed labelling in the axotomized retina at D15 was

¢ [ -

significantly different from normal (Fkl,%57)=12‘.66, p<.001), DI
(F(1,162)=31.47, p<.001), and DlO}(F(1,157)=53.88,rp(.061) values. Th:
cell counts for each of these four iish are'presenpod in Figure 29, A}
Day 20 1n&R§=~0.7335, SE=0.044, illustrating that less tagged celld were
pregent In the ?xotomizgg ,OhL (see‘ Figuye ’30)‘ Seventy—-eight, .
observations f{rom 4 fiehhcomﬁrised thls value. This 1In4R> value was
nefther distinet from DS (P(L1,159)=1.08, p<.001) nor {rom D10

x

(¥(1,159)=7.73, p>.031), but. was statisticallﬁ different from normal

™~
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[P

(F(1, 150)=60 37, p<.001) and D15 (F(1, 161) =28.5, p<.001). At 25 -days
following axotomy, labelling ratios began to return to near normal
levels (see Figure 31). The 1In<R> value f;r this group was -0.4612,
SE=0, 052f’1§3en from 6i bbservations from 3 fish. Statistical analyses

revealed that D25 &was still different from normal (F(1,133)=15.44,
l

p<.bOl), D15 (F(l 144)=63 04, p<.001, andeZO (F(1,137)=16.08, p<.001)

A

but not from D5 (F(1, 138) 5.15, p>.001) or D10 (F(1,133)=1.54, p>. 001)

v

By 50 days following axotomy the mean numbers of labe}led cells  have

o
LI

returned to normal values (1n<{R>=-0.0691, * SE=0.076). A total of 70

L " N

observations were used to form this 1n<R> valye (Figure 32). When -the

¢ 3
In<R> wvalues between normal and D50 fish wetre compared, the result was

-

not significanE (F(1’142)=0‘%gg p>.002;. All Sther groups  were

>

different f£rom DSO,"(aés the& were with normal fish) (D50 vs. D5~
F(1,147)=35.76, p<.001, D?Q vs. D10- (F(1,142)=28,84, p<.001, D50’ vséfj

D15- (F(1,153)=121.0, p<.001, D50 vs. D20- (F(1,146)=59.75, p<.00Ll and

-

D50 vs. D25 (F(1,129)=17.13, p<.001). ‘ -

Finally, I  tested whether labelling densities in different

topographical regions ‘vary with respect )o the time following axotomy.

An ANOVA coufirmgg' that 1In<R> varied as a function of time following

o

" axotomy (F(6,20)=11.854, p<.001) when 1n<R> values were calculatdl

accoxding to peripheral, middle, "and central location. However, no
difference was seen betweenl,QOpographicél location (F(2,40)=0.206,
p>.001) inor were there any reliable interactions (J(F(12, 40)=0. 333,

p2.001). Although statistical tests do not support a reliable 1abelling
gradient across topographical regions, it is still, apparent that

[N

Jébelling is often higher ig'the more peripheral retinal reglons. . This

’ , g
¢ v’ '

-
@


http://densiti.es

, probably reflects acfivity occurting in the ora terminalis®at the tire
! ‘ C N - - "(
of the injection One month fdllowing injection of 3H--TdR, those cells

] - v P

+ originally ﬂincorporéting~ the tracer -have .been displaced by the newer

s 'Y A X
germinal zone.° Hence, the old germinal regions: now occuples a more

4 v [ ~

) central positiod, as is witnessed by the topographical distributdon of
) ° Q

¢

labelled cells in,the rétina examined 1 month following injection.

' ) In all experimental cases, with the“exception:pf Day 50 where birth

o . rates - appear to return to normal, the density of labelled cells in the

4

: pNL of the axotomized retina is less than that of the ONL of the intact
. retina. One interpretaticn of this result . 1s that there are less

N »

. ' visibly labelled cells, in the ONL of the axotomized retina because these

1 o
¢ <

. tagged, nuclel: have undergone further' cell geﬁerationm cycies, thus

Ll

: diluting the 1label. Thé questfbn to be tested, therefore, 1s do those
, o cells initially in” the S—~phase of1 the cell generation cycle undergo

further ‘'mitotic divisions, diluting ‘the label,.and is this modulated by

"44 < - - n .
optic nerve axotomy? This question is will be addressed in the, final
s I “~ 0 ¢ # )
: : section. py . o, . ’ . ..

b ’
v ) L4

. L

ULTRASTRUCTURE OF LABELLED CELLS 1IN Tﬁﬁ’RECEPTOR LAYER

2

In the photoreceptor layer, those cells labelled with 3H—TdR (see

° y 7

. . Figure kX)) appear to be rod-like in nature. The primary evidence for

. 1

" this interpretation is their distihct lacation. The‘:OhL of  an adult

] R ’ i Y

goldfish is four Lo fiye cells thick. The nucled }ocaxed closest to the

OPL have been dgﬁinltiveli shown to be rods (Johns & Easter, 1977; Stell

)
a

& MHarosi, 1976). -Copne nuclei lie in a single stratum sclerad to the

5

T rods. The irrégularly shaped nucleus of this cell takes up most of the

L]

cell body area (gee Figures 33C and D). Their nuclel are stained in a

. ¢

2]

. .
° 3
.
A
.

o
i

L)
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dfiie granylar fashion. Other, surrounding rod cells are similar in

. A

» ‘ - — «
<.

appearance, but are much morélﬁéavily stained. “This 1igﬁt staining 1is
-

- ® .

p{pﬁhb;y” a resulg of the aétive)métabolic state of the DNA synthesizing

A

cells. The ultrastructure of the cellsg presented here compares well

e L " o "

with_'fhose from. other published reports (Johns, 1982; Raymond, 198%a,

1985b). From the loc;tion of these cells and espeéially , thelr

similarity to the’ﬂéighboring pbphlation,lthe cell typB described here

‘

is a member of the rod receptor family.
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Figure 17. Topographical Distribution of the Linéar Density

of -Labelled Cells in the ONL- Normal, Short Survival

' 14
» See Figure 6 for description of the conventlons employed.

A. This fish received a sham-right optic nerve crush. Both eyes were

°

injected with 3§~TdR and the animah%yas perfused and sacrificed 24 hours

later. Differences between the two eyes are minimal.
a - Y °

s » .

. o M .

?. This fish received a sham-left optic nerve crush, and the right side

was unoperated. °

-
Q

e

C. and D. These two intact fish recelved bilateral 1ntraocplar

injections and were sacrificed 1 day-later. -
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’ Figure 18. Distribution of Labelled Cells in the ONL- (P5, SS), .

These five fish received unilateral ONCs followed by.bllateial 3H~-TdR

.

»

’

injections ‘five days later. Their retinae ,were processed for. light

autoradiography one day following injection. )
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Fipure 19. Distribution of Labelled Cells in the ONL- (D10, SS)

i}

Unilateral optic nerve axotomy was performed on these six fish. Ten
days later they received bilateralﬁH—TdR injections and were sacrificed

-on the following day. Wote 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 3p~Tar injections
fifteen days following unilateral optic nerve crush. Their retinae were
processed for light autoradiographic examination 24 hours following

¢

injection.
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'Figurg§21. Distribution’ of Labelled Cells in the ONL- (D20, $§8S)

{ . - . r
Tyent§ days following wunilateral ONC, these fish (A, B, C, and D)

»

received bilateral 3H—1dR injections and were sacrificed 24 Thours

following injection. =
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Figure 22. Distribution of Labelled Cells in the ONL— (D25, SS)

N [

Twentf—five days %ollowing unilateral Opt1c° nerve crush, these fish

3

received bilateral injections of “H~TdR. Their fetin§e * were processed -

<

- ’ - k 0 ® ’
for light mi scopie autoradiography on the following day. Note the

» o
1

change in scale on the ordinate for A and B. o
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Figure 23. Distributior.of Labelled Cells in the ONL- (D35, $S)

Four f£fish (A, B, C, and D) received bilateral intraocular injections of
3H—TdR thirty-five daxs,following unilateral optic nérve crush. They
were sacrificed 24 hours following the injection. Note the change 1in

) A}
scale of the ordinate for C. and D.
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Figure 24. Distribution of Labelled Cells in the ONL~ (D50, §S)
—_— — 2

N 1
A, B, C, and D. These four Jish receiyﬁd bilateral intraocular

‘injections of §-TdR fifty days after unilateral OKC.

were processed for

injection. ~
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1ight autoradioggaﬁhic examination 24 hours after
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