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Abstract:

Nerve fibers in the central nervous system (CNS) have been generally reported not to regenerate after
injury whereas those in the peripheral nervous system (PNS) do. It is therefore of interest to study the
effects of implanting peripheral nerve tissue into damaged CNS to see if such grafts might have a
positive effect on CNS regrowth. A four to five mm section of autologous sciatic nerve (PNS) was
grafted between the transected ends of rabbit optic nerve (CNS). Tissue was then examined at
1,2,3,4,6,7, and 10 weeks post-operatively for evidence of nerve fiber regrowth, using light and
electron microscopy. Results were compared with non-grafted transected optic nerve. In the
non-grafted tissues, the optic nerve fibers underwent an abortive attempt at regeneration and did not
appear to cross the lesion, leaving a "nerve" primarily composed of glial scar. In the grafted tissues, the
PNS elements grew into the proximal and distal ends of the transected area and elongating nerve fibers
were seen on both sides of the lesion. Subsequently, these fibers increased in size and were surrounded
by normal PNS-type myelin sheathing. Thus, the use of a peripheral nerve graft appears to promote
transected CNS nerve fiber growth, maturation, and myelination.
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ABSTRACT

Nerve fibers in the central nervous system (CNS)
have been generally reported not to regenerate after
injury whereas those in the peripheral nervous systemn
(PNS) do. It is therefore of interest to study the
effects of implanting peripheral nerve tissue into
damaged CNS to see if such grafts might have a positive
effect on CNS regrowth. A four to five mm section of
autologous sciatic nerve (PNS) was grafted between the
transected ends of rabbit optic nerve (CNS). Tissue was
then examined at 1,2,3,4,6,7, and 10 weeks post-
operatively for evidenee of nerve fiber regrowth, using
light and electron microscopy. Results were compared
with non-grafted transected optic nerve. In the non-
grafted tissyes, the optic nerve fibers underwent an
abortive attempt at regeneration and did not appear to
cross the lesion, leaving a "nerve" primarily composed
of glial scar. In the grafted tissues, the PNS elements
grew into the proximal and distal ends of the transected
area and elongating nerve fibers were seen on both sides .
of the lesion. ‘Subsequently, these fibers increased in
- 8lze and were surrounded by normal PNS-type myelin
sheathing. Thus, the use of a peripheral nerve graft
appears to promote transected CNS nerve fiber growth,
maturation, and myelination.




INTRODUCTION

‘ Most animals have tne capacity for regeneration of
damaged nerve cell processes in their embryonic form |
.(Piahﬂ55; Stephens,'59)., Lower vertebrates, such as
.fish and amphibians, retain this capacity.for functional
axonal regrowth throughout adulthood (Kerrﬂ75; Singer
et al.,'79; Tirner and Singer,'T4). However, the |
ability to achieve functional restitution of‘damaged
regenerating fibers appears to be limited to only'speci-
fic nerve fibers under certain conditions in mature
reptiles and mammais (Flint and Berry073; Hessﬂ56;
Hooker and Nicnolasﬁ30; McMastersJGZ). '

In the early 1920's, Ramon y Cajal described the
process of‘axonal regeneration in both the peripheral
and central nervous systems of mammals (Cajal, ref. in
David and Aguayo,'81). Cajal.maintained that in the
central neruous system (CNS) fibers underwent an abor-
tive,attempt at regeneration,‘with neither complete
anatomical nor functional restitution occurring. ‘He

attributed this failure ‘to the lack of appropriate
"pathways" and neurotrophic substances necessary for the
growing axons (Cajal, ref. in Sugar and Gerardﬂuo).
This concept was considered dogma for many decades with

the negative results from later experiments (Hess,'56;

'Hooker and Nicholas,'30; Osterberg and WalIenbergﬂ62),
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adding qredence ;o ?he hopeleséngss of CNS regeneration
i.n mamméls. On the other hand, it has long'been known
that mammalian‘peripherai nerves are capable of reinner-
vating an injured area, given ;hat the local tissue
environment is conducive to growth (Sandersﬂnz;
Young, '42).

Studies ‘done in the 1920's and '30's maintained
that Schwann cells were not essential for fiber regener-
ation in peripheral nerve tissﬁeé (Harrisonﬂ24;~
Spiedelﬂ32;,Weissﬂ3H), since axons grown in cultufe
were observed to elongate ip the absence of cohnécﬁive
tissue cells. More recently, the regenerative capabili-
ties of mammalian peripheral fibers have begn, for the
most part, attribut;d to factors-associated with the
supporting cel;s of Schwann (Bernétein and Befnste;n,
*71; Marx,'80; Richardson et al.,'80;,Varon,'77).'
Within hours after injury to a péripheral nerQe fiber, -
Schwann cells elopgate and migréte to position them-
selves end to end (Holmes and Young,'40; Al11lt,'76).
These cellular tubes bridée the forming connective
tissue scar and effectively eétablish a route for
sprouting nerve fibers to follow from the proximal to
distal stumps df éhe injured nerve (Richardson et |

al.,'80). Thé growing axons enter th§ Schwanﬁ cell

. tubes in the degenerating distal nefve stump and gener-
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ally regrow to an apprqpr;ate terminal location
(A11t,'76). The Schwann cells begin to fprm new myelin
for the axon witpin thpee wéeks after the injury |
(A11t,'76). Varon ('77) and Osterberg ('62) have
suggested that perhaps there are unknown intﬁinsié fac=
tors associated with the surrounding.Schwann cells or
connective tissue, possibly of a chemical nature, that
could play important roles in establishing thé proper
environment for regeneratién. Similarly, it hés Been
demonstrated that the'presence of both degenerating:
neural tissue and prdliferating glial éells plays an
important role in the successful sproutiﬁg of fibers ;n
the central nervous system (Campbell and Windleﬂ60;.
Raymond and Levihef81).

Transéeted axons from mammalian spinal cord begin
to elongate (Richardson et al.,'80; Richardson et
al.,'82), Jjust as do: peripheral axons, but after a short
period of time they cease to grow (Bernstein 5nd.
Bernstein,!'71). A scar composed of a tangled'méss of
neurogiia (Marx,'80), degenérating éxbns, connective .
tissue elements, and cavitatioﬁs (Kao et al.,'77a)
apparently blocks their growth (C;emente énd Windle,'54;
Windle and Chambers,;'50). Cavitations arise from a
process of tissue autolySié occuping from the releésé of

lysosomal hydrolaseé by the sevenéd axons (Kao and
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Chang,'7T7). This tissue-fluid interface is an area that °
the growing axons must traverse without the guidanbe of
cellular elemeqﬁs. uSuceessfui fegrbwth ﬁas been only
rarely feported in experimental situations (Sugar and
Gerard,'40), and many of these experiments have been
questioned aftér unsuccessful attempts at repetition.
(Barnard nd Carpenter,®49),. There is some question as
to whether an inhospitable environmental response is the
only faetor'eauéihg unsuccessful CNS axonal regﬁenation
or whether perhaps CNS neurons are intrinsically less .
capable of regeneration than PNS neurons (Riéhardébn et
al.,'82).

Windle (Guth and Windle,'73) demonstrated that when
scarltissue formation was inhibited with the use of
pharmacological agents; neural sprouts continued to grow
for extended periods of time. However, these elongating:
fibers still did not establish the aﬁpropriate synaptic‘
confaets. Iflthis ability for neuronal regrowth appears
to be an intrinsiec (inherent) property of all damaged -
neurons,- then thé surrounding envirénmenttmust detgrmine
whether or not regéneration will be éborti?e or
successful.

It was found during the late‘1970's that damaged
peripheral axons with a known'eapaciyy to rggenerate

failed to eiongate for more than a few millimeters when
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placed in a milieu 6? central glial célls (Aguayo ét
al.,’79; Weinberg and Spencer,'79). On the other hand,
it has been shown that CNS axons will grow into periph-
eral nerve segmeﬂts transplanted into sbinal cords :

(Blakemore,'77; Richardson et al.,'80; Weinberg and

Spencer,'79). Theoretically, this reconstruction gave
the CNS fibers contact with the elements of the:
peripheral environmént which seem to bé so conducive to
successful regengrative growth, |

Kao ('70, '7Th4) and Kao et al.{('77),'grafted pieces
of autologous sciatic nerve into the‘injury sife of
transected mam malian spinal cord énd demonstrafed by
both light and electron micfoécopy ;hat both tﬁeyinitial
tissue=fluid interfaee'and the formation of a connective
tissue scar were minimized. Thus, gross structural
continuity of the éraft with the séinal cord stumps was
acheived. Subsequent electfon micrographic stuéies
showed axons passing between the two spinal'cord stumps
via the sciatic nerve grafts (Kao,'T4; Kao et al.,'77).
These and other experiments (Benfey and AgﬁayoﬂéZ;‘
David and Aguayo,'81; Richardson et al.,'80; Richardson
et al.,'82b) are challenging the long-held concepts |
regarding the inability of CNS fibers.to-regenerate.

Unfortunately, although'spinal cord negeneration

has many practical implications, the spinal cord may not
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be the most useful model for studying.CNS regenepaﬁion.
The spinal cord is an gxtremely complex tissue with

~ numerous groups of axons, both afferent énd efferent,
traveling to man& different central'and péripﬁeral term-
inations. The spinal cord is.extremely sensitivé to
trauma and is susceptible to postraumatic ischeﬁia and
necrosis (Griffiths,?76; Rivlin and Tator,'78). " During
surgery, it is often difficult to accuratel& verify
whether or not the cord has been totally ﬁransected
(Puchala and Windle,*77). In'experiments utilizing
local crush as the source of trauma, ther-e' is 'nolng of
being certain that all of the fibers have beeﬁ affected
(Nathanial and Peaseﬂ63).v Accurate deterﬁination of
the origins of fibers seen after a period of growth is
difficult. They may be regenerated axons or perhaps
collateral sprouts from neighboring axons that Were‘
never damaged in thé intital injury (Bernsteiq and
Bernstein,’71; Goldberger and Murray,'T4; Liu and
Chambers,*58; Murray and Goldberger,'T4).

The experiments reported here were designed to
morphélogically examine the possibility.of,regenération
after grafting peripheral nerve into a’ Simpler model of
damaged mammalian CNS. Theoretically, the graft should
minimize élial scarring and also provide a more favor-

able physical and.chemica; environment for the growing

W
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fibers, To minimize some of the prbblems_inéurred_when
working with spinal cord transections, the optiec nerﬁe
was chosen for study. The optic nerve is surgically

accessible extracfanially, clearly defihed in the

rabbit, and is thought to be mainly composed of retinal

ganglion cell axons (Vaney and Hugheées,'76). A strong

dural sheath of heavy'conﬁective tissue permits attach-
ment of a graft to transected stumps with the use of’
sutures. Accurate determination of the morphological -

processes occuring after transectidn and grafting should

therefore be possible, and be much simpler to 1nterpre£

than are similar experiments done in spinal cord.
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MATERIALS AND METHODS

Experimental Animals

Male, New Zealand white rabbits, 1.7 Kg to 4.8 Kg
in weight were used'fof the éxperiments. They ranged.in
age from 5 to 10 weeks. . | |
Anesthes

A solution of sodiuﬁ pentobarbitol was used'as’
anesthetic for both surgery and for sacrificing the
animal at the end of the experiment. It was injected
into the gnarginal ear vein at an initiél dose of 30
mg/Kg body weight. Successive doses were given in 10 mg
increments until the pinch of the Achi;les fendon
produced no reflex withdrawal of the 1limb. During the
surgeriles, the.tendon reflex was often retested and
additional anesthetic‘was administered as needed.
Surgical Procedures |

The left orbital roof was ex'posed by making an 8 cm
midline incision and by reflécting the suBcuténeous and
muscle tissues. The bony orbital roof was then removed
with romgeurs, with care being taken not to ieave iough
edgeé which could injure soft tissues. ‘Scissors were
used to separate and cut away the ihdi?idgal connective

tissue énd muscular layers superior and posterior to the

eye 1itself. The attachment of the superior rectus-

tendon to the eye was kept intact and grasped with 'a
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hemostat. This allowed maintenance of é steady forward
and downward traction on the eye. Bleeding frdm the
scleral vessels was controllgd by cautery., Isotonic
saline wash was utilized to prevent drying of the 'sclera
and associated tissues, |

Approximately 6 mm of the optic nérve was'exposed
and the adjapent fascia and clotted blood were removed.
Care was' taken to miﬁimize any disturbance 6f thé
nerve’s blood supply or the venoﬁs sinuses in the orbit.
(McConnell,*64)., An anchoring suture was paésed thgough
the pértion of the exposed nerve closest to the bfain
Qsing 8 0 silk with a GS 10 needle. Another suture was
passed benéath this portion of the nerve and tied to
adjacent tissues to‘minimize retractién of the nerve
after transection. The optic nerve was then éut distal
to the anchoring sufures and 1.5 to 2.0 mm from the béck
of the eye with Sharp iris scissors. In thoée_animals
used as controls (transected but not grafted); the two
optic nerve stumps vere reopposed‘with two to four
separate sutures. Care was taken to minimize félding
and gather;ng of the abutted nerves while still
achieving as complete an apposition as possible; In
the grafted animals, the sciétic nerve was exposed high 
in the right popliteal fossa and a Smm secfioﬁ of nerw.re

was removed with scissors. The nerve section was
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covered with isotonic saline in a petri dish and exces-
sive connective tissue was trimmed away. The sciatiec
'nerv? section was then aligneq end.to end betweeﬂ the _
two stumps of the severed optie nefve and sutured in
place usiﬂg the same technigques as in tﬁe noh-grafted'
animals.

After suturing, muscle and connective tissue planes
were returned over the nerve and the eye. Subéutaneous
tissues and the skin incision were then closed with
sutures. A 0.25 ml injection of a combination antibio;
tie (1.0 ml = 200,000 units procaine, penicillin G, and
dihydrostreptomycin sulf#te) Qas given intramgscularlyA
and injections were continued at 0.1 ml per day fof
seven to ten days poétoperatively.

Sacrifice and Tissue Preparation

| Experimental animals were sacrifieed at 1, 2, 3, 4,
6, 7T, and 10 weeks post-operatively while control ani=-
‘mals were sacrificed at 2 and 8 weeks, Anesthetized
animals were perfused wifh a solution of 3% glutar-
aldehyde in a 0.1M phosphate buffer (pH 7.3).using the
following procedures.,

A subcostal incision waS.madé and the xiphoid pro-
cess of the sternum was held with forceps allowing
manipulapion of the anterior chést wall; A midline

incision through the abdominal ﬁall was made to provide
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a release for intraabdomihél pressure caused by muscular
contraction during perfusion. Incisions were made
across the diaphragm and along the midlateral extent of
the rib cage. The anterior rib cage was then lifted
superiorly with a hemostat which simultaneously clamped
the ihternal thbracic arteries. The pe;icardial sac was
immediately opened and a 13-gauge neédle ﬁas inserted |
into the left ventricle and upwar& into the aorta. ‘The
right atrium was immediately cut and the fixéfive
allowed to flow under 100-120 mm.Hg‘préssure for 10-15
minutes.

Following perfusion, the eye and approximately 10
mm of optic nerve;, which inelﬁded‘the graft in experi-
mental animals, were exposed and removed. Scar tissue
surrounding the nerQe was dissected away. Normal
undisturbed optic nerve tissué from the obposite sidé
was also removed in some animals for comparison with the
experimental tissues. The nerve ﬁas,then sectioned
into 2 to 2.5 mm segments. The Segments were labelled
according to their relative positions, from.the most
distal (closest to the brain) to thé nmost proximal
(closest to the eye). The tissues.were further diced
into 1 mm3 pieces and placed in fixativé for 2-3 hours.
After 4 to 5 rinses in buffér wash (16—15 minutéS'pér

rinse), tissues were left overnight in buffer. 4 sol-
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ution of 1% 0504 in 0.1M phosphate buffer was used to
postfix the tissues for 2 to 2.5 hours. They were then
dehydrated through a series of increasingly. concentrated
ethanol solutions ( % to- %), followed b& propylene
- oxide. Tissues were infiltrated, with rotation, for 1
to 1.5 hours iﬁ a 1:1 mixture of propylene oxide and
Maraglas (Freeman and Spurlock,'62), followed by a 1:4
.mixture for 30 minutes. Tissues were then infiltrated
with 1009  Maraglas for two one-héur pgriods. The infil-
trated tissues were embedded in #00 plastic capsules
filled with 106% Maraglas then polymerized in a 60°C
vacuum oven for T2-96 hours. A

The dehydration steps for two of the experiments
were altered in the following manner. The ethanol and
propylene oxide steps were replaced ‘by immersion of -
fixed.tissues into éctivated 2,2-dimethoxypropane for 30
minutes (Thorpe and Harvey,'79). No differences were
found in the tissues utilizing this method.

For light microscopy, two micron Seetions were cut
.on glass knives using an LKB 8800,U1tra£ome I1I, ﬁhen
stained with toluidine blue in borax (Meek,'76). These
sections were s£udied for tissue anal&sis as wél; as for

orientation for thin sec¢tioning. Thin sections suitablé

for electron microscopy were cut on the LKB 8800

Ultratome III using glass knives, and then mounted on
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uncoated copper grids. The section# were post-stained>
in lead citrate (Venable and Coggeshaliﬂ65) and
saturated uranyl acetate (Watson,'58). Thin sections
were studied and photographed in a Zeisé EM9S=-2 elect;on
micrqscope. | |

Criterion used for distinguishing the following
cells were similar to those describeﬁ in the'literafufei
Growth cones (Bunge,'73; Kawana,'T1; Yamada,'71), glial
cells (Bignami and Ralston,'69; Phillips,'73; Vaughn and
Pease,'70; Wuerker,'7p), and axons (Pepers et al”'76;_

Wuerker,'70).
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RESULTS

Unoperated Optic Nerve

The optic nefve in unoperated control tissue was
composed of myelinated axons with diameters ranging froﬁ
0.8 to 2.0 um (um = micrometers), with ﬁqst of the axons
in the ranée of 1.2 to 1.5 um (see fig. 1, all figures
are located in ﬁhe appendix). The myelin’sheaths. |
generally contained 8 to 10 depse period lines wifh a
periodicity of 150 A. Axoplasmic conétuitents inéluded
neurofilaments (100 A diameter), microtubules (250 A
diameter), mitochondria, and dilated, membrane bounded
vesicles (750 to 2300 A in diaméter)~which were charac=-
teristically rounded or oval. Unmyelinated fibers were
only rarely found within the sections examined,'and were
most likely examples of nodal areas. Other studies
(Vaney,'76) have reported the rabbif optic nérve to be
composed of at least 98% myelinated, small diamétered

axons.

The glial environment was composed predominantly'of

astrocytic processes which were ;nteanven with'neuronal
elements and formed the limiting membranes (fig. 3 ;nd
M).' Astrocytes were identified by numerous filaments
(80 to 90 A in diameter) running parallel to the long
axis of the processes and by their sc;ttered glycogen

granules (350 A in diameter), Scattered elongated
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mitochondria were found within the processes. Micro-
tubules were rarely seen. The gypoplasm_was generally

electron lucid relative to other gliéi cells, Astro-
cytic nuclei (fig. 2) were irregular or bean shapéd and
the nuclear membrane was often thrown into folds.
Nuclear chromatin generally was uniformly distributed
- except for slight condensations béﬁeath the nuclear
membrane.

Although not as ﬁredominant as astnocytes} oligo-
dendrocytes were found scattergd amid the groups of
myelinated fibers. Oligodendrqcyie nucléi were more
round or oval ‘than those of astrocytes and more fre~
quehtly contained clumped chrqmatin. The cytbplasmﬁwas
fairly dense and.contained a largé number of ribosomes,
well developed rough endoplasmic reticulum\(REﬁ), and'a
prominant Golgi apparatus (fig. 3). Abundant mitochon-~
dria were also present but tended to be inconspicuous
due to the density of the”cytoplasm. Oligodendrocytes
lacked the filaments and glycdgen found in astrocytes
but microtubuleé eé@ld sometimes be.found in their
cytoplasm.

‘Glial limiting membranes (fig. 4) were cdmpqsed of
tightly packéd astroecytic processes separated from col—
lagen and other connective tissue elements by a heavy |

basal lamina 500 to 600 A thieck. A cytoplasmic conden-
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sation, 400 A thick was found immediately beneath thé
plasma membrane deep to the basal lamina. It was
similar to that seen at cell to celljunbtions but waé
not associated with other areas of astrocytic cell

membrane.

Grafted Experimental Nerve

In the grafted tissue, sutures were identif;ed by
light microscopy and used as reference boints éa
localize the original graft-optiec nerve 1nterféces.
Segments were termed either proxiﬁalh(eloser to the
ganglion cell bodies), graft'(withiﬁ the boundaries of
the two sutured areas), or distal (closer to the brain).
These designations. are used throughout the follqwing
descriptions in reference to the position of thé

sections examined,

One Heek
LIGHT MICROSCOPY - Proximal to the'origipal gfaft-optic
nerve interface, mos£ of the optic nerve appeared normal
(fig. 5). Close to the interface, the tissue had a
"foamy® appearance due to exfreme vacuolization.

In the grafted peripheral nerve segmenté (figs. 6
and 7), myelin degeneraéion was very evident., Because
of the wide range of fiber diameters, the thickéned

myelin surrounding these fibers, and the abundant con-
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nective tissue, it was not difficult to disfinguish this-
peripheral nerve tissue from the original optiec nefve..'

Distal to the gfaft, the optic nervé generally
appeared normal except for écattéred instances'of SwWol~-
. len myelin. Connective tissue elements, as in éontrols,
were not seen except in association with external. and

vascular limiting membranes.

ELECTRON MICROSCOPY - In tissue segments proximél_to the
graft there were many exambleg of dégenerating CNS
myelin which had either a loosely wrapped or a homogg-
nous dense appearance¢ with no observable fine sprﬁcture'
(fig. 12). Degenerating axons.were also evidept in
which the axoplasm was obviously vesiculéted or in other
instances contained a homogenous grénular material
(fig. 12).

Astrocytic cell bodies and processes were similar
to controls except for increased amounts of'glycogen.

Many of the myélinated fibers found in central |
nervous tiséue‘proximal to the graft appeared.typicai in
structure (figs. 9 and 10). These fibers had diéhetefs‘
ranging from 0.25 to 1.2 um and -their myelin structure
and thickness were similar to those of controls.
Characteristic microtubules, neurofilaments, .occasional

mitochondria and dilated vesicles.were in the axoplasnm.
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Grbwing nerve fibers apparently involved in the
complete series of changes related to myelination were
found (figs. 9, 10, -and '11). Unlike unoberated ﬁiSsués,
thére were unmyelinated fibers, 0.25 to 0.35 um in AiaQ
meter, that lacked individual sheaths. Some axons wefe
partially to totally encircled by thin cytoplasmic pro-
cesses while others had'looseiy arranged multiple wrap-
pings of these cytoplasmic proceséeé. Inlsome fibers,
the inner adaxonal wrap was cqmposed of a thickened
eytoplasmic process but the'outer wraps wefe.of com=-
pacted myelin. Thesg eytoplasmie'processes had an
electron density comparable to those of astrocytgs and
.they contained a paucity of organellgs.: It was dif-
ficult to trace the processes to‘continuity with cell
bodies but they were similar to active oligodehdrocyte
processes described in develdping CNS tissues
(Phillips,'73).

Close to the original graftjoptic nerve interface,
CNS myelinated fibers were found within an a;tered glial
environment. These fibers were generaliy within the
smaller range of fibers in control tissue and their
myelin structure ana thickness ﬁere similar to that of
controls. There appeared to be more astrocytic pro-
cesses‘per area thah in controls. Astrocyéié and oligo-

dendroglial cell bodies were similar in structure to
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those previously described but were more abundant.
Microgligl-like cells (fig. 13) contained obvious lipiﬂ
inclusions and degenerating myelin f;gures, as well as
typical ribosomes, mitochondria, and RER., The general
nuclear and eytoplaémic morphology of these cells was
similar to oliéodendroeytes but the presence of‘degen; .
erating myelin and abundant lipid in the cytoplasm
indicated a phagocytic role. Some areas shpwed indi-
cations of total degeneration of neuronal eleﬁents with
scattered profiles of glial elgments present (fig.17).:

Glial limiting mehbranes (fié. 37) were seen at
optic nerve-~connective tissue.interfaees, similar to .
‘controls but having a more convoluted bordef composed'of
more glial processes than normal.

Examples of pefipheral nerve tissué similar to
tissue in the graft, were found in proximal segments.
Such tissues were easily characteriéed by the abundant
collagen present in the extracellularlspaces and the;
basal lamin; around individual cells. The associated
Schwann cells (fig. 14) had a dense cytoplasm which
contained ribosbmes? RER, mitochondria, Golgi ap-
paratus, pinoc&totig vesicles, 1lipid inclusions, and
myelin debris. The Schwann cells sometimes had thin,
"highly folded cytoplasmic procesées which interdigitated

with each other. Their nuclei contained compacted
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chromatin and nucleoii werelﬁffén apparent.

Degenerating PNS myelin was'ﬁharacteris£ically
found as large diametér (1.5 to H°5“um) globulés
(fig. 15) contained within Schwann cell cytoplasﬁ.
Myelin within the globules_was EXtremely>fragﬁented;
with some areas retaining evidence of normal periodicity"
while other areas had a uniforn lipidnlike appearénce,
Only rarely were axons seen within the degenérating
myelin, but when present they were éwolien ;nd extremely
vesiculated. |

A few small axons (fig..16)hwere pfesent in the
connective tissue séape between the 1apge phagocytic
Schwann cells, They were derid of a Schwann cell
sheath buf were surrounded by a basgl lamina. These
axons were approximately 0.5 um in diameter and con~
tained normal axoplasmic constituents.

The grafted segmenfs were composed-entirely of PNS
degenerating tissue similar to that just’deseribed as
being present in proximal segments. |

Distal to the gréft;the nerve.was éomposed en-
tirely of CNS tissue with'appareny myelih degeneration
similar to that desqribed in proximai sectioné (figs. 12
and 13). Occasionally, myelingted fibers that wefé

smaller (0.7 to 1.1 um in diameter) than those normally

present in unoperated nerves were observed. Their
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associated myelin structure and axoplasmid constituents

were normal.

Iwo Heeks

LIGHT MICROSCOPY‘--AS at one week, the central nervous
tissue'proximal to the original graft-optic nerve
interface was consistently vacuolated (fig. 18) and
contained relatively more glial cell nuclei than was
seen in controls (fig. 19). Peripherél nerve type
tissues were more evident thah in the samples taken.at
one week. Such invading peripheral nerve tissue’

was characterized by large myelin figures and eonnective-
tissue elements which separated groups of fibers into
discreet bundles (fig. 20).

Tissue close to the graft-optie nerve interface
was extremely vacuolated and phagoeytic cell nuclei were
apparent. Due to the extreme degenerafion, it was dif-
ficult to differentiate optic nerve from peripheral
graft. Degenerated tissue was "walled off®* into dis=-
creet compartments by surrounding connective tissue
elements, Blood’vessels appeared to have an unusuaf
amount of connective tissue surrounding them,

Distal to the graft, optiec nerveifibers generally
appeared somewhat fragmented (fig. 21) with scattered

instances of myelin degeneration and a few smalier than

normal myelinated fibers present,
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ELECTRON MICROSCOPY - Proximél segments that‘wére
primarily glial “"scar% were composéd predominantly of
astrocytic processes and abundant degénerafing myelin
(fig. 22). Healthy appegring axons were generally no£
found in such tissue,

The majority of the tissues in the proximal segF
ments was of peripheral origin and was characterized by
abundant collagen, Schwann cells; and basal laminae
surrouﬁding the cellular elements. éhagocytic activity
of Schwann cells siﬁilar to that described in animéls
sacrificeq at one week,was‘evident.

This peripherai nerve environment contained-mény
nerve fibers whiech had the characteristics usuallyh
associated with growing axoﬁs and which were not
associated with an ensheathing cell (figs. 23 and 24).
They had normal axoplasmic constituents and were often
surrounded by a redﬁndantly folded basal lamina
(figs. 24 and 33). The diameters of these unsheathed
fibers ranged from 0.4 to 1.6 um. Occasionally, these
fibers were found ip close proximity to cytoplasmic
ex@ensions 6f Schwann cells. The cytoplasm of.thése
Schwann celi extensions was oftén-packeq with numerous
ribosomal rosettes. Occasional Growth cones (fig. 25).
were found which'contained an‘abundénce of orgénelles

including ribosomes, smooth endoplasmic reticulum (SER),
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mitochondria, microtubules, and filaments.

.Nerve fibers or growth cones wefe never found in
the peripheral tissue within the graft at‘two weeké(
Such tissues contained many Schwann cells (fig. 26)
that appeared to be'actively involved in phagocytic
activity and frequently eontdined small padkets of
debris just deep to the membrane.

The few areas with CNS-type tissues locateq close

to the graft-optic nerve interface were generally

composed of extremely deteriorated elements identical to

degenerating optic nerve described in the one'week
animal. Occasionaly, myelin with normal periodicity was

found in association with either an empty vesiculated

axon or a shrunken axon with granulated cytoplasm.

Myelinated axons (approximately 0.7 um in diameter) were

rarely found. Incréased amounts of glycogen were found
in astrocytic processes and glial cell nuclei seemed to
be more apparent than in control tissues. The glial .
limiting membrane§ observed at connective tissue~glial
interfaces were similar to those described previously.-
Degenerating optic nerve in distal sgéments, was
siﬁilar'to that desecribed previouély except that the
majority of fibers éontained a dense gfanﬁiated cyto-
plasm. Degenerating tissue was sometimes found extra-

cellularly, in such cases there was minimal phagocytic
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activity. Again, normal appearing myelin was often
observed surroundiqg‘an axon that wasuobviously degen-
erating. A few small myelinafed'fibers, with diameters
of 0.6 to 0,9 um (smallér than the averaée in céntrols)-
were present. Segmenté of the axons appéared nofm;l
and contaiﬁed characteriétic éytoplasmic orgaﬁelles,
while other segments within.the sSame axon‘were under-
going vesiculation and deéeneration.

Rarely, connective tissﬁes'were found apposed to a
glial limiting'ﬁembrane in tﬁe degenerating optié nerve
distal to the 1esion'areaa uNerve fibers or degenéfating
peripheral nerve were neVef found within these .

connective tissues.

LIGHT MIChOSCOPY - In proximal nerve segments the tissue
was vacuolaté&~and.undergoing degeneration. Peripheral
nerve tissue was common and identified.by‘largé bundlgs
of degenerating myelin with a wide fange of diameters
and abundant associafed connective tissue (figs. 28 and
29); S¢carred optic nerve areas were characterized by
éontaininé more glial processes than did nerve:fiperst

| Close to, and within the g}aff, there were areas of
extreme vaéuolization and with such abundant myelin

debris that the tissue was diffiecult to identify either

as original opfie nerve or'as_peripheraligraft (fig.
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2T). Phagocytic cells were apparent throughout the
sections examined. '
Di?tal to the g;aft, degenerating optic. nerve tis-
sues (fig. 30) were characterized by a gene#al
- "swelling®" of the myelin, fragmented fibers,'and;more
gliél nuclei than uéual. A thiekehed connective tissue

layer was found encircling vascular elements.

ELECTRON MICROSCOPY - In proximal segments the nerve was

composed almost entirely of tissues derived from peri-
pheral nerve. Many small unsheathedlaxons (figs. 31,
32, and 33) were found (0.3 to 1.5 um in diamefer) amid'
collagen fibers. Such axons were surrounded by a highly
folded basal lamina (fig. 335, and were sometimes
associated with Schwann cell extensions (figs. 32 and
34), A few fibers were found_apﬁosed to other un-
sheathed axons with'no significant bgsal lamina between
them (fig. 36). Characteristic organelles were found
within the axoplasm. Schwann cell extensions were
identified by the abundant ribosomal rosettes within the
.cytoplasm.

Growth cones (fig. 35), 2.9 to 3.4 um'in diameter,
were occasionally found. Cytbplasmic eonstituenﬁs were
similar to that described at. two weeks and in addition,
occasionally included a membrane-bounded C-shapgd

structure (fig. 35-inset) with finely gfanular ébntent,
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reported to be chargcteristic'of axonal grdwth éones,
(Bunge, '73). | |

In the scattered aréas of,proximal segments com-
posed of CNS derived tissues, astrocytic processes
were found to have a greater amount of glycogen than
norhal. Phagocytic activity appeared to be minimal
although an abundance of degeneratiné myelin was located
in the extracellular spaces of thé tissue. Rarely,
small myelinated fibers were observed in this degen-
erated tissue.

Glial limiting membranes (fig. 37) were.similar
to those described previously in grafted experimental
tissues. |

Close to and.within the gréft'area, many unsheathed
fibers were observed in a periphergl environment that
was filled with phagoéytic cells containing degener-
ating peripheral myelin. Highly folded basal lamiﬁae
surrounded the unsheathed fibers and a few fibers were
closely apposed to Schwann cell cytoplasmie.éxtensions.

Astrocytic processes, coniéining more glycogen than
normal, composed most of the tissue distal to the gr;ft.
Examples of normal myelin were often féund.ﬁut eithe;
cqntained no éxon or were associated with an'axon'that
was granulated. Degenerating myelin was similar to that

already described, either homogenized with no period=




| 21 |
icityor ina loosély spiralled form. A few small
normal myelinated fibers (0.5 um in diaﬁeter) vere foﬁnd
with myelin syructure gimilar to that in'uhoperatedi

tissues.

Four Weeks

LIGHT MICROSCOPY =~ Vacuolizatidn was ho longér as
apparent in the proximal éegménté as at earliér‘timés,
-and it was obvious that the tissue was primarily of a
peripheral nerve or;gin. Small fiber;”ﬁith no apparent
myelin sheaths were observed traveréiﬁg the connective
tissue areas.

Within the graft area, small areas of extremely
degenerated peripheral tissue‘wére 6bserved. The cyto-
plasm of phagocytic cells was vacuolated and filled with
libid barticles, giving the tissue in this area a foamy
appearance. '

Distal to the graft,; the optic nerve §is§ﬁe did

not appear to be different from that of eaplier animals, -

ELECTRON MICROSCOPf - In‘nerve segments botH proximal to
and within the graftitself,fhere was an absence of a
CNS-type glial envifonment. All cellular elements were
located in a periphéral-typévenvironment which included
abundant collagen and basalllaminae surroun@ing neuronal

and supporting elements. Myelin debris was always ap;
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parent and was found within Schwann ceil cytoplésm.
Many unsheathed fibers were found with diameters from
0.8 to 1.2 um (figs. 38 and 50). These fibers we}e
often surnouﬁded by the same redundantly folded basal
lamina seen in earlier animals. Occésionally, an un-
sheathed axon ﬁas‘seen to be intimately associated with-
a Schwann cell procéss (fig. 38). A few growth cones
were found (fig. 41).

Occasionally, growing fibers were'observed
traversing the optic nerve = donneqtivg tiésué interface
(fig. 39).

"Tissue distal to the éraft was composéd prédomi-'
nantly of CNS elements (fig. 42 and 43). An increased
glycogen content was noted in the astrocytic processes,
Dégenerating optic ﬁerve tissue was present in the
extracellular spaces similar.to that described in
éarlier animals. A.few phagocytic cells containing mahy
lipid inclusions were also found. Rarel&,'small
myelinated fibers with diameters of up to 0.8 um were

observed in the gliél environment (fig; 43){

Six. Seven, and Ten Weeks
LIGHT MICROSCOPY - Myelinated fibers were observed in
proximal, graft, and distal segments of nerve tissue in

a connective tissue environment (figs. 44 and 45).

These fibers were more obvious at seven and ten weeks -
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with more.fibers enclosed by thicker layers of myelin.

" ELECTRON MICROSCOPY - Groups of unmyelinated fibers (0.3

to 1.4 um in digmeter) were pfesent, ensheathed by
Schwann cell c&toplasm (figs. 46 and 149). Numerous
heavily myelinated axons (1.9 to 2.4 um in diameter)
were also observed (figs. 47, 48 and 50). The myelin
was characterized by 18 or more major dense lines.and a
200 A periodicity. Mesaxons and 1lips of Schwann cell
cytoplasm containing an.occasipnal nucleus were some-
times found in association with these myelinated axons.
These fibers were found in a peripheral'nerve environ-
‘ment.in all segments,'with the fibers becoming more
numerous and mére mature from ;e&en to ten .w.p.o.

(fig. 55).

Often, single sheathed axons or small gfoups of
myelinated or unmyelinated fibers wépe found partially
encircled by long thin cytoplasmic extensions forming a
"tube" around the fibers and their aséociated Schwann
cells (fig. U47). These cytpplasmic extensi&ns were
apparently of fibroblastic origin.‘ They contained few
inclusions or organélles, unlike Schwann cell processes
which usually appear packed witﬁ ribosomal rosettes and
other cytoplasmic organelles,

Scattered'evidence of myelin'debris.(fig.'HS) was

still occasionally present within Schwann cell cyto-
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plasm. CNS type tissues were no longer presenf in

proximal, graft, or distal tissue segments,

Optic ﬂgixg Transection Without Peripheral Grafting
TWO WEEKS - ELECTRON MICROSCOPY - Many unmyelinated and
.myelinating fibers of varying d;ameters (0.4 to 1.4 um’
were seen in an opﬁie nerve environment proximal to the
transection (fig. 51). Thése.fibers appeéred to be
undergoing regrowth and myelination similar to that
described for the one-~week postoperative grafted tissue.

Distal to the lesion, ﬁarked optic'nerve degehgr;
ation was observed sipilar to that in the grafted
‘animals (fig. 52). Fragmented fibers, rare phagocytic
cells, and myelin debris ﬁithout 5ssoeiated'aX6ns-Were
often observed. .

Glial limiting'membranes'wére similar to those
found’in grafted animals. Axons were never found in the
connective tissue areas adjacent to external and

vascular limitng membranes.

EIGHT WEEEKS - ELECTRON MICROSCOPY - Nerve fibers other
than those gndergoing degeneration, ﬁere never found in
any of the segments. Marked gliotic searﬁing and de- "

generation were obvious and similar to that observed in

the distal segments of grafted opﬁic ﬁerve from thhee to

four w.p.o. (fig. 54). The glial limiting membranes
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which were found at any connective tissue-optic nerve

interfaces, were similar to those described previously

in grafted animals (fig. 53).
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DISCUSSION

The first observation was thaé w;thout‘periphefai
nerve graft, the trahseeted and Suturea optic nerve of
the rabbit appeared to undergo an abortive atiempt at
regeneration. This abortive regeneration was expécted
based on studies on transected mammalian spinal cords
(Guth and Windle,'73). The apparently growing fibers
present'in thé proxim;l stump of the optic nerve two
weeks'postoperativély (w.p.0,) were ultimately réplaeed
with gligl scar tissue by eight weeks.

With incorporation of a péripheral nerve éréf{

. between transected stumps of optic nerve, fhe initial’
‘regenerative attempé in the CNS'appeﬁred siﬁilar.
Howéver, rather than apparent degeneration 6f‘the
growing fibers and tﬁeir'replaeement by supporting e;e-
' ments, growth eontinued to occur in the peripheral nerve
environment. Progression was observed from growth ébnes
and less mature unmyelinated‘fibens (1 té 4 w.p.0.) to
more mature myelinated fibers (6 to 10 w.p.o.).

Despite typieal'glial and connecti?é tissue
searrihg, the growth of axons did not appear to be
hampered and axons were found mak;ng their way through
the tissues. In sone instancés, growing fihers wére

observed péssing acfoss the interface between the glial

limiting membrane and the peripheral nenggz suggeéting
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that thé limiting membrane may not be a potential
barrier tb eléngating axons., It is notAknown why
typical scarring did not prevent the growth of nérve
fibers as has 'usually beén.reporfed in the literature.

Hess - ('56) also has concluded that glial scarring is not

the reason underlying abortive regeneration in the CNS..

Perhaps experiments'should be reexamined for other
answers as to why the regrowth of fibers is prevented.
The fact that these growing fibers were seen in
central nervous tissue proximal to-the graft at one
W.p.0. and not in other segments (fig. 55) supports thé
hypothesis that these fibers are of probable retinal
origin and are not sprouts growing in from adjacent
peripheral nerves. The presence of similar fibers at
two weeks iﬁ the non-=grafted animal substantiates that
the fibers cquld not be in any way from the graft itself
or collateral sprouts from adjacent'péripheral nerves

utilizing the graft for entryway; Further, the fibers

are probably not simply degenerating demyelinating optic .

nerve fibers since they initially are of such a sxﬁallf
diameter ;elative tq the fibers of the typical optic
nerve population. Evidence in other CNS tissues
indicate that sprouting peripheral nerves will not.pene-
trate for more than a few millimeters into a élial

tissue environment (Aguayo et al.,'79; Weinberg
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and Spencer,'79).
Richardson et al. (V82a) reported abundant un-
myelinated fibers two to four weeks after intraeranial
transection of the rat optiec nerve. These were ‘found

0.5 mm from the globe of the eye and were confirmed by

autoradiography'to ‘be of retinal and not PNS origin. He -

also reported a retrograde axonal degeneration of those
fibers so that only a few fibers. remained 64 weeks after
surgery. He proposed that this lack of sustained
regrowth was dne to retinal ganglion cell degeneration
although he.never examined the retina. Unpublished
studies from this lab (Phillips,'81) indicate that
normal appearing ganglion cells ‘are present as late as
32 weeks after optie nerve transection in the rabbit..
Preliminary light and eleetron microscopic examination'
of retinal tissues from this experiment also show that a
viable population of ganglion eells_are present as late
as 10 w.p.0o. Therefore, the rapid degeneration of the‘
fibers_in.Richardsons” enperiment ishprobahly not due to

a degeneration of the parent ganglion cells., It is of

course possible that the growing fibers observed in this .

current study degenerate after 10 w.p.o.,, but it seems
unlikely since at 10 w.p.o. there is no evidence of
degeneration in the fiber population and small growing

fibers are still abundant. In-the same experiment,
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Richérdsoﬁ et al. ('82a) also attempted to utilize a
peripheral nerve graft by placing tibiai or peroneal
nerves adjacent to the intraeranially trahsected_optic
nerve., He reported no obvious differences.befweeh
grafted and ungrafted tissues using histological
techniques. However, sutures or other methbds were not
used.to maintain apposition to the optie nerve.
Ultimately, many grafts were reported ndt to be in
contact sinée transected ehds of the optic nerve |
apparently bulled away from thé graft as tﬁe nerve
underwent necrosis. If is assumed that the more
successful érowth of fibers in the presént study, whén
eomparéd to Richardsons? work,:may.be related to the
more.consistent apposition of tﬁe~graft and the optic
nerve tissues? -Alsq, the graft in the present-stud& was
placed in much closer proximity to the retinal ceil
sprouts, At a greater distance from the nerve sprouts,
the pfobapility that the per;phgral nerve tissﬁe wi;l
have a favorable effect on growing fibers may be
negligible.

Unsheathed figers were first seen amid astrocytic
processeé in the optic nerve segment close to the eye
and the gahglion cell bodies. At later post-operative
détes, these-fibers were sucsessively obseried-clbéer to

the graft, within the graft, and finally in the ‘distal
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segments of nerve (fig. 55). Growth cones ware found
along the adnancing front. Ensheathment of these fibers
by Schwann cells began in the more proximal segments af
thnee to fou} w.p.o; and myelinated fibera were observed
from five to ten w.p.o. Ultimately, normal-apnearing,
mature myelinated fibers were found throughout the nerve
segments from six to ten w.p.o. In later'animala,
fieids were found with many myelinated and unmyélinated
fibers, both sheathed by cells of Schwann,iabparently
extending from the eye toward the brain (fig. 55). The
observation that these fibers make their initial ap-
pearance in proximal and then in distal segments
strongly argues against the supposition that they might
be sprouts from adjacent autonomic or sensory nerves.
Autonomic and sensory nerve fibers would grow from
distal to proximal in the labelied segments since their
cell bodies would génerally be closer to the brain.

A substantial population of unmyelinatad fibers as

found in older animals, is unusual in optic nerve

(Bruesch,'42). Since optic nerve fibers are normally of

a smaller diameter (Vaney and Hughesﬂ76) than‘mOSt
sciatic nerve fibers and since many investigators feel
that the signal for myelination~is correlated with the
increasing size of nerve fibers, then penhaps the

Schwann cell only reeognizes the larger growing fibers.
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as being ready for myelination. It may also be thét over
a longer period of time these axons would eventﬁally be
myelinated. |

The sciatic nerve tissue appeafed to invade the
optic nerve tissue, totally replacing CNS tissue in the
proximal segment by three to four w;p.o. and the distal
segment by six w.p.o. It is interestihg that this
replacement was first observed préximally at the sanme
time as the regrowth of fibers begins. As ‘these fibers
proceeded to grow distally the glial environment was
simultaneously replaced by the peripheral nerve environ-
ment. Perhaps the fibers only continue tb elangate into
areas where the PNS tissues preceed them. Investigators
who.have'experimented with peripheral grafts iﬁ.the\CNS
have not reported this tissue replacement (Weinberg and'
Raine,"80) although Gledhill ('73) has stated that.
Schwagn cells are capable of migrating into the CNS.
Blakemore ('77), on the other hand, has reported that
PNS tissues will not invade the neuropil of CNS tissues.
Somé interesting qugstions to explore would be-éxaétly
how much more of the CNS tissue the ;nvading PNS tissue
would replace over time; what the ultimate fate of fhese
growing fibers would be, and if ﬁhey wauld eventually

make appropriate synaptic connections in the brain.
1
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Previous experimentation has shown that Schwaﬁn
cells in a donor PHNS graft survive, multiply, and
eﬁsheath regenerating CNS axons (Aguayo‘et al;'79;

Blakemore,'77). Growing axons in PNS regeneration

experiments characteristically are observgd by four days .

post-operatively in the space betweén the Schwann cell
and its® nespect;ye basal lamina (Nathanial aﬁd
Pease,'63). Eventually, gutters-form'in the Schwann
éell cytoplasm for embedment of the axons and ultimate
myelination (Nathaﬁial and Pease,'63). In this study

the smallest axons were not usuail&'found between.

the Schwann cell ana its basai lamina but.rather,'they
were found as isolated processeé external to the Schwann
céll basal lamina and surrouﬂdea By their own basal
lamina. At four weeks, some of the fibers were found

parallel to and in appoésition to a Schwann cell cyto-

_plasmic extension, oftentimes with separate basal

laminae. Oﬁhers were found embedded in grones in
Schﬁann cells. Bylsix weeks, isolated axons were no
longer found butlthe tissue #hafactéfistically cqn-V
tained numerous unmjelinated fibers, " It is not known
why the earliest fibers observed in'fhis stﬁdy were not
found in aséociation with Schwann cells as has beeg'
reported in other experiments. ‘One possible-explénation

could be that these fibers are extremely small and
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difficult to locate except at highér magnificaﬁions.
Since'one most often uses the-lower magnifieatiéns when'
scanning tissues, .these fibers could easily be missed.
Another explanation might be that since these fibers are
of retipal origin, and not regenerating PNS fibers, they
do not normally associate with Schwann celis and thus>
grow linto the spaces between fhese cells rather thén
immediately adjacent to them. After a period of growth-
and enlargement of these fibers, perhaps the Schwann
cells then migrate toward the fibers and begin en-
sheathment as is observed by the third and fourth w.p.o.

Redundantly folded (fluffy) basal laminae were most
often observed around isolated unsheéthed axons in con~-
nective tissue three to four w.p.6° This highly fdlded
basal lamina has been reported before in regenrating CNS
tissues (Weinberg and Raineﬂ80),. Nathanial ('63) has
proposed that such laminae result from the collapse of
the original neurilemmal contents and act as guides for
the process of regeneration., If this were true then.
examples of this basal lamina shodld.be easily found in_
degenerating periphéral nerve before the advent of the
growing axons, yet this was never seen., Occasionally,
redﬁndantly folded basal iasminae were found associated

with extensions of Schwann cell eytoplasm at three to

four w.p.o. Since this experimgnt has ohly shown this




4o
folded laminae associated with growing axons and -
cellular extensions;, perhaps they are not mérely rem-
nénts of the neurilemmal sheath but are indicative of
protraction, retraction, and expansion of these mobile
extensions.

Ffom six to ten weeks after graft surgery, pértiai
cytoplasmic tﬁbes were found surrounding one or.more
Schwann cell units and their assoeiafed axons., These
tubes weré_formed from thin cytoplasmic extehsions which
appeared to be of fibroblastic origin and probably rep-
resent the beginniﬂg of endoneurial tubes, Hall ('83)
has reported similar findings in remyelinating
peripheral nerve, but has considered the tubes to’bé
supernumerary Schwann cell processes siqce axon sprouts
were occasionally embedded in théir Qytoplasm.' Only
rarely were small (0.2 um) electron 1ucént structures.
found.embedded in the cytoplasmic extensions in this
experiment. Because of their size and lack of
organelles they were not considered to bé axons. Also,
the long thin cytoplasmic extensions contained only a

scanty amount of the orgahelles normally found abun-

dantly in Schwann cells. Fibroblasts have often been .

reported be a spindle-=shaped cell with long thin cyto-
plasmic extensions, containing few organelles and

occasionally containing small lipid vacuoles (Bloom and
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Fawcett,'75). These small electron lucent strucutres
found in éhe cytoplasm of these "tubes"™ are most likely
lipid vacuoles contained within fibroblasts.

The rate of optic nerve degeneratioﬁ in rabbits
appears to pe much slower than fhat #epppted in lower
vertebraﬁes. Turner'('7u). obsefved that opﬁic nerve
degenerﬁtion is virtually compiqté by-fourteen'dayé
~post-oper;ative in-tﬁe newt, wifh the gl;él celis playiné
'a major role in phagacytizing'and,lysing:thé q&elin :
debris. ,Micnogiié héve been reported -to phééqeyﬁ;ze'
degenerating myelin and axonai debris.followidg:axonal
lesions inh the CNS of higher vertgrates'(ﬁﬁlerah& and
Privat,'77). Kao ('77) identified many vacuoléﬁed
microglia by light microscopy two weeks after spinal
cord transection. Extreme vaeuolization'waé also
observed by light microscopy in the degenergting
CﬁS tissues of this experiment: Although hierogliale
1ike cells were foupd us;ng éleetron microscopy, minimal
phagoecytic activity was observed and evidence of tissue
degeneration was still apparent in distal segménts many
weeks post-opératively. Much of this vaéuolization seen
by light microscopy was explained by the présenee
of numerous myelin “gho;ts" (withoutvaxons) and spiral-

‘led degenerated myelin seen under higher magnification

in this study.
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‘ Normal appearing CNS axons were.observeq as late
as four w.p.o. Brindley ('66) has reporfed histological
evidence for the existance of normal fibers up to 337
days after transection of the optic nerve of the cat;
These small nerve fibers observed in this study ana by
Brindley Uﬁb)_many_weeks after nerve leéions, could
indicate the presegge of efferent fibers in the optic
nerve. This statement is based on the obsérvation that
nérve segments closest to the cell bod& degenerate
slower than severed seéments (Peters.et al.,'76).
However, similér small axons were only rarely observed
in control optic nerve, and since prévious anatomical
studies have qot reported the existance of efferents in
rabbits (Coleman et al.,'76; Vaney and Hughes,'?G),iit
seems unlikely that they are present. In studying the
rate of Wallerian degeneratién in ea; optic nerve
following enucleation, Crevel'(‘6§) found occasional
fibers (less than 3ﬁ in diameter) using £he light
miceroscope at six w..p.d° By fwelve.w.p.qq the nerve
was composed of mostly glial tissues. In this study,
most fibers found in the d;stal segments of the experi-
mental nerve from 1 to U w,p.c;° were from 0.5 to 0.9 um
in diameter. These are similar in size to the majority

of fibers described by Crevel ('63). .Therefore, these

fibers are apparently hot.distal extensions of a slowly
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degenerating efferept firer population, but rather are
remaining fibers of an extremely slow eegeneration of
retinal cell axons in the rabbit optic nerve.

Peripheral nerve, on the other hand, degenerated
rapidly in this experiment and was actively phagocytized
by Schwann eells, By six to ten-w.p.eﬂ degeneration
was only eccasionally apparent. .

Large areas of tissue necrosis, cysts, or large'
vacuoles were never observed in the transected optic
nerve in this expériment, as opposed to those reported
in transected spinal cord (kao et al.,*77; Richardson et
al.,'82). Blood sdpply te the area appeared adequate'at
'all post-operative dates, perhaps due to an overlap of
supply between nutrient arteries entering the nerve .
(McConnell,'64)., Isolation of the small uniform fiber
tract allowed a more precise determination of the mor~
phological findings‘observedm ‘Thus, the optic_nerve was
cohfirmed to be a simpler experimentel model than the
spinal cord for use in CNS regeneration studies.

Further experimentation should be done to further
substantiate the evidence presented here for the CNS's
capability to regenerate. There are several
experimental approaches which could provide important

answers. First, horse radish peroxidase studies .

could identify if the axons crossing the graft are
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poeitively from retinal ganglion cells, -Second;
electrical recordings across the grafted area eo
establish if functional continﬁity of the axons occurs
across the graft. Third, a silicon millipore chamber
enclosing the graft and two eeges of the transected
optic nerve could provide better alignment of the
stumps, allowing for a more ﬁositife jdentification of
the original graft‘erea, and allowing,man;pulation of |
the experimental area after the initial surgery.
Fourth, retransection of the nerve, the use of Nauta

stains, and examination of the 1ateral geniculate

nucleus may determine if synaptic connections have been

established. Fifth5 retransection of the nerve and the
proximal stump spliced into the lateral geniculate
ﬁucleus to observe if appropriate synaptic connections
could be made by these axons with thalamic neurons and
if they would contipue to mature or'woﬁld degenerate
aftef failing eo establish connections. ‘Finally, the
distal eegments need to be'stud;ed closer to the brain
ascertain 1) whether or not akons will cross the froﬁ
the peripheral nerve environment into a glial environ-
ment or will continue to prefer the beripheral.environ-
ment, 2) if the glial environment continues to be
replaced by the peripheral nerve environment, and how

far into the CNS tissue this replacement would ultil-
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mately occur, 3) if the growing axons will continue fo
regenerate along the pathway of the old degenerating
optic nerve and tract or will deviate into other
adjacent tissues. |
To summarize, interac;ion of the growing retinal
nerve fibers with the peripheral nerve environment

appears to produce the necessary milieu to allow con-

tinued elongatién; It appears that by proper manipu-

lation of nervous system elements, it may be possible

for CNS fibers to regenerate across a transection.
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APPENDIX

FIGURES
Eiggngg 1-4., Micrographs of Control thic Nerve{f
'Eignrg 1. In this light micrograph the tissue is
characterized by a population of relatively small,

fairly uniform diameter, myelinated fibers (arrowheads)

Note also the intervening glial tissues. X 1500.'

Eigggg 2. Besides numerous myelinated nerve fibers{ the

field also contains an obvious astrocyte (a) and glial

processes., X 5 000 (electron micrograph courtesy of

D.E. Phillips)

Figure 3. 'Electron micrograph with a'portion of'an

oligodendrocyte (o0).as well as astrocyticzprooesses'(a).

Note in the oligodendrocyte the numerous ribosomes; the

‘Golgi apparatus, mitochondria, RER, and the electpon-

dense'cytoplasm. The astrocytic processes‘contain..

filaments (within the circle), mitochondria, and:

glycogen (arrowhead) x 20,000.

Figure 4, Glial limiting memhrane composed'of.
astrocytic processes abutted against'a hasal lamina
(bl). Note the submembranous electron dense material
(arrowhead) beneath the basal lamina. Collagen fills
the adjacent connective tissue space. x 10,000.

(electron micrograph courtesy of D.E.Phillips).
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-‘igung 8. Light micrograph ‘of control (unoperated)

Figupes 5=7. Light micrographs. of grafted optic nerve

one week after surgery. ‘x 1500.

Sy "‘i' Proximal segment with some degeneration of

’optic nerve fibers. A few fibers appear obviously

swollen (1), others are fragmented (2),‘and others are

shrunken away from the myelin sheath (3)

Eléﬂgﬂwﬁ. Degenerating peripheral nerve tissue within e

the'proximal Segment. Large vacuolated bundles of

myelin debris (m) are obvious.:'x small vessels.:ﬂ

" Figure T. Deéenerating peribheral'nerve'tissue within:

thevkraft} ' Note that degeneration has not brooeeded to . -

the same degree as in fiéure 6. m=myelin debris;f

:peripheral nerve showing the wide range of fiber dia-

meters and the thick layers of myelin (°) normally

present.' S= Schwann cell nuclei. b'4 1500.
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Figures 2:13;"0ptic'herve:tiséue'from_the_péoxiﬁgl

segment of the nerve one week aftep'gbaft surgery.’

Fgggnglg;' Note the scattered fibers of varying di§#

.mefer, some unéhééthed’(b) énd dﬁélehwrapped.(u) by a

qytoplaémic.ﬁrocéss,f'agastrocytic'prééess:,.o=oiigb-l
dendrocyté-processi.Ln=example§ of appérentl& ﬁoﬁmai

nerve fibers. x 20,000.

Figure 10. An eiample of a large field of unshéatheq
fibers (b) of small’ diameter. A'pfébéble'gfowth cone

(g) contains numerous vesicles, h:hormal fibers, T“

x 25,000.
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"Figune 11. » Proximal segment one week following graft

surgery. An example of CNS tissue that has fibers in

~ragrious stages of myelination: unsheathed fibers (b),

partially sheathed (p);.and totally sheathed by'thinn

; :cytoplasmic processes (u) Some axons have outer myelinf

wraps with a thick inner eytoplasmic wrap (z), while
others are normal myelinated fibers (n) Note the '

abundant glycogen present in the astrocytic processes.

x 25 ooo. -,
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‘Figures 12~13. Degenerating CNS tissues such as can be
found in both proximal and distal segments one week

following'gfaft surgery.

Figure 12. Note the 1ooseiy spiralled myelinl(1), pften_:
with'nofmallperiodicity but without a contained aion,'
énd'tﬁe denée homogénous myelin (2). Of the axons |
present in this field, onif oneigppears ﬁot'to bé 
degnerating (n), the'others'havésﬁeéome dense and

"granular (d). x 16,000.

Figure 13. Microglial-like cells (mg) in'degeﬁergtin
CNS tissués. Note the-vacuolatéd'pytoplasm Withf” :
probable lipid inclusions (1). a=astrocyte nﬁgléus;J:'

'¢¥degeneréting myelin, x 1#;000,5_' : wg C
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Figure 1A{ An ékaﬁplé of degénerating ﬁeripherai nerve
tissué found both ;n'prgxima;\énd'gréft segmeﬁté fgdm‘T
td 2 W.D.O. Note the larée Schwann cells (s) pac?éd
with bundies_df degenerating myelin (p); r=red b;éod‘

cells in the'éitrééellular spaces._'x'Bbob.

>
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Figure 15. Detail of degenersting myelin inelusions in
a Schwann cell similar, to that in figure- 14 Note the
large globules of degenerating myelin (m) and dense

cytoplasm containing abundant ribosomes and RERf_

"% 20,000.
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Eiggig 16. An example.of'the isolated unsheathed axens
(b) found in the extracellular spaces of peripheral

nerve tissues at one to four weeks after graft surgery.

"Note the basal lamina surrounding the cells. s adjacent N

phagocytic Schwann cells:;‘m degenerating myelin.

x 20, 000.

'Eigggg 11 Obviously degenerated optic nerve tissue

close to the optic nerve- peripheral nerve graft

interface., x 18,000.
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Figures 18=-21. Light micrographs of nerve tissue two

weeks after graft surgery. x 1500{

Eiggre 18. CNS-type tissue proximal to ‘the graft. Note
the exceptional amount of vacuolation, and the swollen

myelin figures.~

Figure 19. CNS-PNS interface. Numerous glial nuclel
(arronheads) are present in the gliotic, vacuoiated CNS
tissue. Contrast this with the more apparent bundles

which contain degenerating myelin in the PNS tissuer

_igugg 20. An exanple of degenerating peripheral nerve
with myelin and nerve fiber debris contained within

Schwann cell cytoplasm.-

Figure 21. 'CNS'tis,sue distal to the graft. Note that
the myelinated fibers appear'fragnented and.disrnpted

‘but that the degenerationis-notas completeas in the

proximal segments.
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Figure 22. Degenerating CNS tissue in the proximal

segment two weeks following graft surgery. Axons, which

are highly vesiculated (1) or dense and granular (2),
are surrounded by myelin with normal periodicity.
Examples of homogenous degenerating myelin are also

seen, as= astrocytic processes. X 15 000.

_igﬁgg aiT.'Tno nnsheathed axonsllb) in PNS'tissue
'proximal to the graft are closely apposed to Schwann
celliextensions (s), Note the numerous ribosomal
rosettes present.inlthe Sehwann cell cytoplasm.-'

f=fibroblast. x 16,000, .-

“»
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Figures 22-35.. Eiamples‘of growing fibers'found‘in PNS .

tissue proximal to the gfaft two,Wbeks poateopefativq;y,

Figure 24. Note the unéhéathed axons (b) in:gssociatiqn
with Schwann cell éxtenﬁions (s), x_zu,ooo.-'

Figure 25. A growth. cone (&) with ‘redundantly folded
basai lamina (bl). Note the numerous vesicles. - '

_x 26,000.
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F;gugé 26. Degéﬁerating peripher.al n'erve ‘tissue -like .
that most oommoniy' found from 1-1}_ v:;.p.o. ax;d occasionai-
ly ;‘ouh& up to 10 w.p.o. 1=lipid ‘inclusic‘)ns; méﬁyeiin ‘
inclusions; é:other engulfed debris; s=schwann cell
nucleus; p=interdisitating "S;zhw,ann cell procééseé.

x 20,000,
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Eiggzgs g1=3Q Light micrographs of nerve tissue three

-weeks following graft surgery.' X 1500."‘

Eiggr 27. Degenerating peripheral nerve tissue .
proximal to the graft showing groups of degenerated and.
vaeuolated tissue. Conneetive tissue elements are-

obvieusly present,between the degenerating'elements."
Figures 28 and 29. Degenerating peripheral nerue‘in
proximal and graft segments showing myelin debris in

obvious bundles separated by eonneetive tissue elements.

Figure 30. Degenerating optic nerve tissue in the,
distai'segment. Note the fragmented nerve fibers and
generally disrupted appearance of the tissue. nge

LA

apparent vacuoles or lipid (1) are aiso~present.
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Figures 3];33. Examples of'unsheéthgd, épparantly,'
regeneratihg fibers found in.periphefal nerve.tissue;.

from'3 to 4 weeks after graft Surgery.'

' Eiggzg 31.‘ Unsheathed nerve fibers (b) surrounded by a
basal lamina. Note the thiﬁ'cytoplasmic extension
(arrows) of agparent.fibrobléstic origih which'neér;y

surrounds the fibers. X 34,000,

Figure 32. Three unsheathed fibers (b) lying in grooves
on the Schwann cell surface.. Note that the basal lamina
of the Schwann cell also envelops phe'nerve fibers.

x 28,000.

Figure 33. Unsheathed nerve fiBer surrounded by a

redundantly folded basal lamina (bl). x 45,000.  °
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Figure 34. A Schwann cell that has sé?eral nerve fibers -
(b) in grooves that have invaginated .from the cell
surface. E#amb;es'of such fibers wqfe found in proximal
and graft sggment; 3 to 4 wegks aftér graft sdrgery.
s=Schwann cell nﬁclgqs.‘ x 26,696. . =
Figure 35. A growth cone (55.w1th its!? charactéristib;
organelles'and veéicles in the &ytbplasm. Alsé'aﬁpérent

are Gblgi épparatus, mitochondria; ribosonmes, filaments

and microtubules. .x 20,000. -

Inset: C-éhaped; meﬁbrane bound structure occasionélly

found in growth cones. x 28,000.

%




82



83




Eigung 36. An aggregation of numerous unsheathed axons -
{b) in close association with Schwann cell processes. |
Proximal/graft segment of tissue from 3 Wo po.
s=Schwann cell nucleus.. x 30,000.

igute 31.-‘An example of a gliai'iimiting membrane that"
forms where CNS tissues abut connective tissues. .The"“
membrane 1is formed by numerous astrocytic processes‘and
appears thicker and more highly folded than that found
in controls. Note the electron-dense material (arrow-l
head) just beneath the membrane adjacent to the basal
lamina (bl) These types of limiting membranes can bez
.found in transected tissue from all operated animals.-h

Lo

m=degenerating myelin. X 9,000r
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Figure 38. Axon (b) apparentlj enwfapped by a Schwann
cell extension (s). -such examples were found in the
graft éégments of four week operate¢'tissue. 'ﬁ=Iarge'

myelin glébule. .x 30,000.

Figure 39. An appéfent axangrowth cone (ag) ebqésing'
the optic nerve-connective tissue interface in”gréft"
tissue four ‘weeks post-operatively. f=fibrobia§t~'i

process; m=degenerating CNS myelin, X 20,00@..
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Figure 40, Unsheafhed (b) axon in peripheral nerve
tissue, Examples of these fibers could be found in the
graft of the four week post- operative animal. m= myelin

globules in Schwann cell cytoplasm. X 18 000.

Flgure Al.. A growth cone (g) containing many vesicles
and mmitochondria, found in CNS tissue just distal to
the graft segment four weeks post-operatively.

x 40,000.
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Figures A42-43. Degeheréting CNS tissue in dista;a

segmeﬁts four weekg after graft surgery.

Elguﬁg 42, An obvioﬁs degenefating:éian with dense ahq
granular cytoplésﬁ:(1).as well as Vesicﬁlatea.éreas (ZL
Note that the myelin periodiqit& of‘severql'myelih'
sheaths 1s similar to controi tissue, aéaséréeytiq .

: ) ' |
processes., X 27,000.

Figure 43. An example of a normal-qppearihg axoﬁ (n) 1in
degenerating tissue. ‘azastroecytic process; 1=granulated

axon; an=astrocytié nucleus., X 27,000.
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Figures 44-4%, Light micrographs of experimental tissue

6-10 weeks éfter'graft surgery. Examples_of such tissues

were found in al; ségmenté (proximél; graft, and_

 distai). x 1500,

Figure 4%. Numerous myelinated fibers (arrowheads) in a :
peripheral nerve environment.

Flgure 45. ‘Areas of degenerating myeiin'(m) still
present amid numerous myelihated fibers (arrowheadsj ;n

a peripheral nerve environment.

' Figure 46. Unmyelinated fibers (u) enwrapped by thwann"

cell cytoplasm. - Examples such as these were found in:

all segments 6f' tissues from 5 to 10 w:ee'kss' after g‘r:af‘t

sur_ger‘yT X 26?°°9f 5
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Figure 47, Examples.of myelinated (1,2,3) and
unmyelinated (4,5,6) fibers in a peripheral ner#e;
environment. This”;é a fypiéai field from tissue in all
segments'é'tb 10 weeks after gréft'surgery. Note the '
fibroblastic cytdpiasﬁic prdcéésqs forminé mtubes® -
qﬁcircling fibers'ahd éroups of'f;bers (ﬁrrowheﬁds)("‘

x'9}000ﬂ
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Figures 48-50. Examples of myelinated and unmyethated
fibers found throughout all segments (proximal, graft,

and distal) "from 6 10 weeks following graft surgery.

Figure 48. Medium sized myelinated fiber in peripheral
nerve.environment.- 8= Schwann cell cytoplasm. Note that
the myelin has periodicity and thiekness similar to that

of peripheral type myelin. x,S0,000.

F;gupg 49, Unmyeiineted fibers (1,2,3) enclosed in

Sechwann cell e&toplaémie.broceeses.: x 33,000.

Figure 50. Examples of unmyelinated and a myelinated

fibers in peripheral nerve envirenment. x 33 000,

B
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Figures 51:52. Eiamnles of CNS tissue from non-grafted

transected optic,nerve twoo weeks following surgery.

Figure 51. Fibers in various stages of myelination
(1,2,3,4) are present as well as fibers that appear

normally myelinated (n). Such fibers were found in thei

proximal segnent; x 25,000..

Figure 52. Example of an axon in the distal segments'

which appears normal in one area.(1) but degnerating and’

- yesiculated (2) in the other, Such tissuesrare similar

to degenerating optic nerve tissue in distal segments of

grafted animals 1 to 4 weeks post operative. m de~

generating myelin. X 30,000..

S
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Eigggeg 53-54. CNS tissue from ndn-grafted optic nerve
8 weeks after surgery. . | ‘ .

Figure 53. An example of a thickened glial limiting®
membrane similar to those seen in the transected and
grafted optie nerve. f=fibroblast: ﬁ:degenéraﬁing

myelin. x 10,000.,

Eizuxg 54, Portion of a microglial-like cell (mg).

m=degenerating myelin. x 20}006.
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Figure 55. A smmmary'illustretion'of‘the.reoultgj
observed from this stuoy; At one to two:weeke, -
growing and myelin'.aAting fibers are found in the proximal
segmenté closest to the eye in CNS-tissueS. Also founi_
ao this time are small unsheethedlfioers in PNSlfissues;
only in'peripheral'nerve;ﬁype £i$sue.in the proximel..

segment. Notice that the PNS tissue has begun ‘to invade-~

‘the proximal segment, replacing the glial environment.

At three to four W. po., both" sheathed and unsheathed ’

fibers are found in PNS environments in the proximal ‘and .
the graft segments.l Finally, from six to ten w. po.,

numerous unmyelinated and myelinated fibers areyfound_

-throughout the length of the experimental area. ‘Notei

that the glial environment has totally been replaced by

the PNS tissues,
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