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ABSTRACT

>

The axonal transport of opt1ca11y detectable organe]les
. o .
was ~ 1nvest1gated in segments of _intact,’ damaged and -

jregenerat1ng axons from the amphibian Xenopus 1aev1$

In‘lengthstffjaxon isolated from intact nervee, 'three
groups of movihng orgahelles were d1st1ngu1shed Partlcles
with round or sl1ght1y elllptlcal 1mages about 0.2-0.5 um in
diameter moved in  the d1rect1on_ of the cell body at an
‘average velocity of about 1 um/sec. A simi]arly shaped group
of organelles moved in‘(,the opposite direction at
approximately the same average velocity. [The moyement of
-orgaqe]]es in both of these groups was saltatory and except
forl“interm{ttent hesitations and reversals of a few
micbdmeters, each part1c1e cont1nued to move in‘the same
direction, independent]y‘of ‘the others. The somatdpeta]ly
moving group conta1ned about ten t1mes as many detectable
organelles as did the somatofuga]ly moving group. The th1rd
group cone1sted of rod-shaped bod1es-approximate1y 0.2-0.3
um in d1ameter with lengths rang1ng from ‘about 1- 8 um., These
usually rema1ned - stationary in ‘ the  axoplasm, but
_occa51oha]1y exh1b1ted axial movement in - either direction.

similar to that of the round organelies.

-

h The sources of variability in measures of particle

velocity and the! amount of particle ~traffwic«‘wwere

. e
-~ B . A}
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investigated for somatopetaily moving parttcles‘ in normal
animals _ For, both part1cle veloc1ty ‘and the numbers of
‘part1c1es crossing a g1ven diameter of axon the maJor source
of variation .was between individual measurements in
individua] axons. A stat1st1ca11y sxgn1ftcant var1at1on was

At

found between axons but not between an1ma1s

7

In crushed and’regenerating axcns examined at periods
from 1 to 128 days after crush1ng,'no change was found in )
the velocity of partlcles travell1ng either somatopetal]y or
somatofiﬁally However the amount -of detectab]e part1culatek
mater1alm transported “did change. Somatopeta] partlc]e
traffic 1 cm prox1ma1 to the crush while. not . el1m1nated

was significantly depressed at 1 and 2 days (P<O 001) and at
4 days (P<0.05). No s1gn1f1cant departure from normal levels
- and observed at 8, 16 ‘and 34 days, but a significant
increase ' (P<0.01). to almost double Vthe“ndrmal"‘valuest
occurred at 64, 69 and- 100 davs Somatofugal particle
traffic was elevated at 8, 64 agd 69 days after ~the' crush,

and reduced at 100 days (P<0.05). Other d1fferences were
also found in _the regenerat1ng axons. Increases in 'the'

L

numbers of rod- shaped ~organelles mov1ng somatopetal]y and'

somatofugally were detected An 1ncrease occurred in - the , -

average diameter of the images of the somatopetally mov1ng
part1cles, the maximum 1mage diameter 1hcreased from 0.7 to
1.1 um, Exam1nat1on .of ~a large number of axonal crdss}
sect1ons by electron m1croscopy revealed the occastona]

presence in the regenerating ‘axons of unusually large

vi



C‘.

“organellies with a lamellar membranous appearance. K

Two aspecfs of particle behavior near ‘axonal
interruptions were analyzed to inyestjgate the 6rigin of the
somatofugally 'trévelling organelles ébserved at short time
pebiods in axons proximal to the érush. It was found that
rapid.ahd extensive degéneration of the axoplasmic structure
was caused by cértain components of amphibian Ringer
solutioﬁ, particularly calcium and sodium ions.'Hqggver, the
effects of ions on wqxonal structure and ,on particle
transporA are separable, since transport was not‘méintained
in solutions which eliminated thé grosé strUctural; changes.
Evidence was also obtained whi;h suggested that transported
particles.may qﬁdergo a reversal of direction at the site 6f
an axonal interruption. It was concluded that at both early
- and later étages of’regeneratjon, the ahount of somatopetal
particie tfanspbbtb is re;ated primarily to the changing

conditions at the distal ends of the axons.

@
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\ ~ CHAPTER 1

5INTRDDUCTION AND LITERATURE REVIEW

INTRODUCTION

'Knowledge of the process by which materials are moved
axially inside nerve . fibers has evolved ' from isotated
speculation at the turn of the century ($cott, 1905, 1906)
to the present recognition of a\Wtde range ot transpor ted
substances and organelles (Jeffrey and Austin, 1873: Heslop;
. 1975). This process, or these processes, are col]ect1ve1y
referred to as axop1asm1c or axona1 transport. Measured
velocities are usual]y classified " as tast or slow; fast
axonal transport refers to velocities of "about 4-20 mm/hr
(100-450 ~mm/day) while siow axona{ transport indicates
movement at'aboﬁt‘0.04-0.4 mm/hr' (1-10 'nnMdayd. The :term
axoplasmic, or'axonal, "flow" as employed in"the’]gterature
is usually applied * to movemeht at the stW’ Velooities
Materia]s are carried ~along the axon in both d1rect1ons,'
movement away from the ce]l body is var1ous]y referred to as
orthograde anterograde or proximo-distal transport, and
movement }oward(the cell body is;described as retrograde or
disto-proxtmal transport . Somatofuga1 and somatopeta1 may
"also be used to indicate the direction of movement and are,

under some c1rcumstances, less ambiguous terms.

Recent assessments of the literature'.(Bisby, 1976;

Schwab and Thoenen, 1977: Kristensson,'1978, Schwartz, 1979)

!



indicate that. retrogride (somatopetal) transport '1s a
.var1ety of ?ést axonal. transport and that fast transport, in
either dvrect1on may 1nvo]ve particulate (deffrey and
'Austiﬁ?ﬂ)973) and, possibly, membr ane bouhded (Schwab and -
Thoeﬁ;;, 1977)‘material.‘SJow transport’, ‘on the other hand,
consists largely of the movement of " the manr structural
proteins of the axoplasm: tubulin and neurdfi]ament proteins

(Lasek and Hoffman ,£’1976) .

This review traces the development of current views on
axonal transport in nérma] and regenerating axbns with the
purpose of presenting the background for the Qork reported -
in Chapters 2-5. Much pértinént research has been published
since the init%ation of this work. Some of this more recent
literature will be discussed in the present general
introduction; while certain other, more directly related,
reports will be considered in thé appropriate results

“chapters. | . .

EARLY SPECULATIONS AND OBSERVATIGONS

The dependence of the nerve fiber on the nerve cell
- body for its viability was frrst inferred by Waller in 1852
(cited by Ochs, 1975) on the basis OE the degenerat1on he
obéerved fol\ transections which separated nerve
processes fr t eir somata The first specific mention of
the possibility that the axon :is maintained by material
conveyed along the nerve fiber seems to have been the.

suggestioh by Goldscheider in 1894 that substances might



pass_ from 'the trophic centers of the nerves, via their

axis-cylinders to their terminations.

- o el .
| -The concept of axonal transport was expressed very
explicitty in the early 1900'soby Scott. On con31der1ng the
common presence of a Nissl substance in nerve cells and in
Known secretory cells of the stomach and pancreas, and his
,be]iet that the nerve impulse was carried across the synapse
. by a process quite distinct from tts conduction along the
.nerve‘fiber, he concluded (Scott, ﬁ1905): "The process of
excitation like that of'secr 1ca' 1nvo]ves, I believe, the
?)d1scharge of neurosomes in: the region of the synapse Since
’ dtscharge .1nto other cells means the using up of formed
vmaterial{ it must be an exhaustible_process, and the process
of complete ~recovery at the synapse - must depend on the
integrity of the connection of ‘the synapse with the nucleus
and cell body which are the original seats of formation of
the mater1a] 1nvo]ved in the act1v1ty In a subsequent
study of fat1que 1n end organs of cut and uncut.nerve fibers
(Scott, 1906), he hypothesized "that in the body of the
nerve ce]l a substance is formed from the nucleus and Niss]
bodies which gradually passes’ 1nto the nerve fibres; and
also that stimulation of other cells by a nerve fibre is
brought about by the passage of some of this substancevrinto
the cells on. which the fibre acts. He summarized hts
interpretation, "And it seems to me s1mp1er to suppose " that -

the nerve cells secretea a substance the passage of which

from the nerve endings is necessary to st1mulation. The



recovery of .effect after transient fatigue 1 attribute to
‘the passage of a portion of this substance down the nerve
fibre to the nerve ending. The absence ‘of recovery after
prolonged .stimulation o1 attribute. to the whote‘,of the
sﬁbstance in the nerve fibres being used up, and to their

being incapable of making more when severed from their nerve

cells."

Scott’s concliusions may have been drawn  somewhat
inferentially at the time, but as early as 1920 direct

microscopic observations of moving organelles in nerve

‘fibers wer reported by Matsumoto. In cultured sympathetic

neUEons feem mbryonic chick intestine, he reported a
moderate- degre Aof movement of round and‘ rod-shaped
mitbchbndria stained with Janus black, and . neutral red
staining granules ‘and vacuoles moving more rapidly over
longer distances,‘ sometimes in a jerky manner . These
observations,  however, seem to have attracted 1little
attention, ‘and more than >30 . yeats elapsed before
corroberating results from similar tissue culture stud1es

began to appear (see ' ‘Somatopetal Transport")

During this period, the only comparab]e direct
observations of intra- axonal movements, and the first to be
gescribed in neurons in vivo, appeaned in Speidel’s detailed .
light microscopic studies (1932, 1933, 19355 b) of growing
and regenerat1ng per1pheral nerve: fibers in the ta11 fins of

frog tadpoles and young salamanders. Speidel (1935a) -

\
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.repor ted "céhspicuoué movements back and fo;th in the nerve,
both of granular material and of clear 'heuroplésm... SQch
movements may be ih either direction.” He stéted“that
transpért'of neurop lasm occurred, chiefly in Fhé‘ diréction.
of- the growth cones. Like the previous -fiﬁdings of
Matsumoto, these clé%ms too were 1arge1y ignored, and

remained an isolated curiosity for many years.

Apart from these two direct experimental observatibns,
various speculative and theoretical references to the
transport of materials along axons appeared sporadically in
the literature during the same peribd.'The idea_thét severed
portions of nerve fibers degenerated as a result of being
~deprived of the g;sential trophic' influénce of = the cel]i
bodies was discqsged by( Ramén. y Cajal in 1é28.xParKer
(1929a) suggested the possibi]ity that neurofibrils might
serve as :channels for transpori. iﬁg> argued in favor of
trophic inf luence by "peréolation“ of hormone-jike
- substances, and estimated a velocity of about 20 mm/day,
‘based on obsefvafions of degengéation in the lateral llihe
_nerve and organs of the catfish (Parker, 1932). Gerard
(1932) Coﬁgidered the propagation of chemical substances or
of physical changes as the two brobab]e mechanisms by which
the soma maintains the viability of the peripheral fiber. He
.favored the former'possibi1ity,'partly because the passage
of impulses was thought to accelerate Eather -than retard
degeneration. He reasoned 'fuerer that since oxygen and

oxidative substrates were readily available from the nerve’s
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blood supply, the critical missing factor in degenerating

stumps could be the "cataiﬁtic subétances"vnecessary for

their utilization. In supgort of this opinion, Gerard citeq.

Y

_reports of the spread of adrenalin, bacterial toxins and
. h I -

viruses a]oné the axis-cylinder, "at rate§/ seemingly qu /

beyond those that ‘couid be attained byﬂsimp]e diffusion”
(see“"SomatopetaJ Transport”). The relyébi]ity of these

s

reports, however, was open to question since other work led

to tﬁe,_conclusion that the route of Transport( was

endoneuria]l(sée Kris{ensson and Olsson, 1973). The possible
role of thé somatofugal passage of material in degenerating
fibers was mentioned again by Parker and Péine (1934), by
Young (1942, 1845) in connection with regenerating fibérs,

and had begun to attract wider interest by 1950 (see Weiss,

1850) .

COMPRESSION AND CONSTRICTION EXPERIMENTS

LbNG TERM EFFECTS. OF PARTIAL CONSTRICTIONS

Over the s%x.year period prior to 1948, Weiss and

colleagues Aperformed an extensive series of experiments
based upon the éxperimenta] constriction of regenerating
nerve fibers"(Weiss and Davis, 1943; Weiss, 1944; Weiss and
Taylor, 1944). A full account of the work was published in

1948 (Weiss and Hiscoe, 1948). Regenerating nerves which had

undergone prolonged partial constriction /jnsidé ‘a short

elastic sleeve were observed to develbp characteristic

morphologgca]“responses.'The-dﬁameters of the fibérs were

—

~ /\)
3

B

—



reduced both inside the chpressed Zzone and on the :disthl
side of it. Proximal to the compress1on they developed
d1latat1ons which increased in size w1th the1r prox1m1ty to
the compression. Later, similar effects were observed in .
consﬁricted uncrushed nerves (Wefss, 1961). Remova] ofu the.
obstruction resulted in a return of the‘fibers to a more
normal appearance. These observetfons were interpretedf as
<evidenee of a proximo-distal axonal flow in normal nerve
fibers, aggﬁa velocity of 1-2 mm/day was estimated from the

progress~@f the alterations.
\ .

There\“Eppears to have been some initia} uncerfainty
over'exactly what it Was-”that was movibg. Weiss (1969pb)
comments in a later review:‘ f... I myself ascribed the
phenomenon to.the damming of 'some essentlal factor produced
by the nerve cell body and re;u1red for contlnued growth in
w1dth of the peripheral fiber. This Cclearly referred to
transport of something -within the axon, It'seon. however ,
became evident that this interpretation was incorrect aﬁd
that ... one is deal1ng with a movement of ‘the axon rather
than in the axon, the axon grow1ng forth cont1nuous]y from

its root in the cel] body: " B

/Wef?sz.emphasized that the eventual outcome of the
experimente)wvth both the crushed and the uncrushed nerves
was essent1a]1y 1dent1cal and that his descr1pt1on and

concl/sfons consequent ly app11ed to normal 1ntact nerve

$\?Tﬁers as wel] as to nmature regenerating fibers (Weiss,
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1961). .This position has recently been crit}da]]y reassessed

by Spencer (1972)ngho emp]éyed _perimehtal models  similar
fo those used ;by Weiss,lgnd concluded fhat axona]‘da$ming.
and dilatation pro*ima] to the con triction occurred only {H
regenerating fibers, and not i norﬁa]'mature'aXth. These
_?indings c%%}//doubt on the éppljbability , of W;iss’s
conéﬁusions/'to normal 'hature fibers, and suggeéted thato
axona dammihg might be a phenomenon_pecd{igr‘to'aﬁd perhéps

caused byvfactors,accompanying the regenerative state.

SHORT TERM ACCUMULATIONS AT COMPLETE CONSTRICTION

Many studies have been" done én the‘changeﬁ
~place at constrictjons inynerves.”Mbst of these followed the
publication of Weiss and Hiscoe’é accumu]éted.wprk (1948),
but a few were done earlier (Mariﬁegéb,f 1924; Sawyer aﬁd
Hollinshead, 1945; Sawyer, 1946). Whereas Weiss and Hiscoe
-concentrated on the generai> morphological alterations
aééompanying peronged\pgrtié]'COnstrictions, other workers
focused on the detailed and more:immediate internal changes,
usually at complete constrictions (1ﬁgatdf§s,.crushes or
cuts) . | .

At the site of these interruptions local increases were

observed in a namber of fehzymes, ngurbtransmitters'and
heuroggcretoby substances, and particulate ;mSteEjal
(reviewed by Lubiﬁska,v1964 and Dahlstrém, 1971). Détecfioh‘
. of tﬁese materials \by~ a variety. of methods (staining,

biochemical _.assay ‘and‘ electron microscopy) produced

which take

L

&

-
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- consistent ev1dence of accumulations on the prox1mal side of
‘the 1nterrupt1ons and some evidence for accumu]at1ons on

the d1sta1 side (see “Somatopeta] Transport")

Eg%cified Enzymes

ne of fhe earliest enzymes to receive generat
attention was acetylcholinesterase (AChE). Sawyer (1946)
.found an increase in enz&me actjvity on tHe proximal side
from 2 to 38 days fo]iowing an ihterruption to gu1nea .pig”
sciatic nerve. Local synthe51s as a possible explanation for
the increased AChE “was later ruled out ox/refpeg1ments
P
show1ng that the total AChE content reffained constant during
the enzyme’s red1stribution toward/ the - ends of a doubly
ligated segment of nerve (Lub108ka et al, 196#)'and by the
lack.of effect on AChE accumulat1on above a Tligation by
local 1nJect1ons of the’.protein synthes1s inhibitor
cycloheximide (Fr1ze11, Hasselgren and Sjostrand 1970).
Increases in acid phosphatase and other esterases above
1nterrupt1ons were reported by Lumsden (1952); Samorajski -

(1957) and Gould and Holt (1961).

,0xioative and .mitochondrial venzymes were also the

. subject of-several early studies. Marinesco (1924) reported
fah .increased activity of(pxidati&e enzymes aoove tesions in
_dog sciatic nerve and spinalt cord. Friede- (1959) found‘
aocUmulatith-'of succinic dehydrogenase and TPN and DPN)

d1aphorase 1n the prox1mal cut ‘end of ~rat sciatic ' nerve;

“o
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accompanied .by depletion of the fir two from the ce]l

bodies. Succinic, malic and lacfic dehydrogenases, as well
as DEN . diaphorase, were fodnd by Kreutzberg (1963) to
accumulate in both proximal and d1stal‘stumps of rat sciatic

nerves up to 48 hours after. ligation. In adrenergic neurons,

‘a gradual buildup of monoamine oxidase to 2.5 times its

normal activity was observed proximal to a ligation,'by both
biochemical and histological metnodS'(Dahlstrém; Jonason and
Norberg,'1969)..}n doubly ligated hypogastric nerves of the
cat, another mitochondrial enzyme, cytochrome ox1dase
collected above the proximal and be low the distal barr1ers

and became red1str1buted toward the ends of the isolated

central segment (Banks, Mangnall and Mayor, 1969) .

Mitochondrial distribution was,, studied by electron

microscopy in cemparable preparations, and produced results

in good agreement with the biochemical enzyme assay. This

general agreemenf ‘extends to d}her \electron mfcroscopiq
studies of Amitochondrial localization at constrictions
(Dahlstrom, ;9711, - However, . the early studies of
mitdcnondrial enzyme accumulation on the distal side é}

constrictions produced inconsistentsresults.

0 ’ - e

Wh1le oxidative enzymes can be regarded as markers' for

mltochondr1a dopamlne B-hydroxylase is cons1dered to be an

'1nd1cator of am1ne storage granules This enzyme too has

" been . reported to accumulate on the proximal side of

]1gat1ons in adrenerg1c neurons (Laduron and Belpaire, 1968

L1vet;, Geffen and ‘Rush, 1869; Geffen, Livett and .Rush,

°
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© 1969) .

Several enzymes which were thought to be soluble in the
cytoplasm were also detected at constrictions in elevated

amounts. DOPA decarboxylase exbihited a delayed accumulation

2 days (Dahlstrém and Jonason, 1968) and 1 day (Laduron,
1970) after Tigationn in rat sciatic , nerves.
- SKkangiel-Kramska, Niemierko and Lubifska, (1969) observed a

limited increase in phosphoglucoisomerase activity. Cho]1ne

acetylase (ChAc) was found to increase ° substantially

7
P

proximal to sections of sheep and cat\ cervical sympathetic
nerve (Hebb and Waites, 1956) and the sciatic nerve ofh the .
goat (Hebb .and Silver, 21961, 18963). Similar results were‘
obtained by Frizell, Hasselgren and Sjéstrand (1870) in
hypoglossal and vagus nerves of the rabbit. Opinion Was‘
divided over whetherﬁ to interpret these elevated enzyme
levels as a consequence of interrupted axona] transport or
as some Kind of synthetic or other localized reaction to the
_experimental procedure.

[\l

Neurotransmitters and Neurosecretory Substances -

During the 1950’s and 1960's evidence was obtained that
2 variety of-neurotransmitters'and neurosecretory materﬁ*és
may collect at axonal interruptions. Histochenically ano
biochemically  detected phox?nal accunulations of
neuroﬁrensmitter )substances were reported for,acetyloholine

in cat ventral roots (Diamond and Evans, 1960) and rabbit
o , : : .
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‘'sciatic nerves (Evans and Saunders,™967), for substance P
in rabbit auricular and sciatickhenves (Holtoﬁ, 1960),vf0r
5-hydroxytryptamine and dopamine in the spinal cords 6f rats
and other mammals (Dahlstrém and Fuxe, 1864b; 1965), for ™
L-dihydroxyphenylalanine and dopamine (Sotelo and Taxi,
.1971) and fér noradrenaline in a number of different species
- (Dahlstrém and Fuxe, 1964b: Kapeller and Mayor, 1966a,b;
Dahlstrom, 1965; Dahlstrém and Higgendal, 1956, 1967; Banks,
Mangnall  and .Mayor, 1968). Similarly, accumulations of
neurosecretory materials were detected above cUQ/éﬁd blocked
~sites in ‘the hypotha]amiq-hypophysial tract in Anura (Hi]d,
1951), in the dog (Scharrer and Wittenstein, 1952 Hild and
Zettler, 1953) and in the rabbit (Christ, 1962), and in the
analogous neurosecretory neurons of Leucophaea (Scharrer,
1952) and Calliphora (Thomsen, 1954). Again, these findings
were variously interpreted as indications of transporf, or
of local reactions to the injury.

X .
Particulate Material : . p—ﬂ/

The same dichotomy of interpretations applied to 1light
and electron microscopic obsérvations of increases in the
numbers of axonal organelles and particles at nerQe
constrictions. These included mitochondria, lysosomél.
organelles; vesicles, vacuoles, membranous elements and
granular material (LubiﬁsKaL 1964; Kreutzberg,‘1967). It is
difficult to discuss these component s individually, because

in addition to the problems of precisely defining the
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structures in " normal axons, the experiments concerned
damaged axons where particulate material is highly condénsed
and partial degeneration may haQe begun. The elevated
concentrations of particulate matter were regarded as locg]
products by Inoue (#960), Schlote and Hager (i960) Wechsler
and Hager (1962) and Wettstein and Sotelo (1963), and as
manifestations of- interrupted movement by Van Breemen,'
Andér;on and Reger (1958), Weiss, TaY]or and Pilla (1962),
Lubifska et al (1963) and Melamed and Trujillo-Cendz (1363),
while De Robertis and  Sotelo  (1952), Estable,
Acosta-Ferriera and Sote1§$(1957) and Hay (1960) were not as
committal. )

Interpretation of Accumula;ions at Constrictions

Ihtérpretation of the accumulationé of enzymes,
neurosecretory substanceé and particles to blockage of a

normal axoplasmic midratibn was hampered by the fact that

aanai transport, ially bidirectional rapid transport,
was at the time not established as an essential and integraTA
.neuronal process. The reluctanée éb recognize the potential
contribution of axonal trénsport ‘was of course.” mos t

pronounced iﬁ connection with accumulations found 6n the
~distal sidés of interrupfions, since the methods ip use at
the time were strongly biased toward the detection of
proximo-disfal transport. Another‘faétor wasr the extensive

but rather réstrictive influence of Weiss and Hiscoe. Their

influential model, with its exclusively slow velocity and
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explicitly proximo-distal direction (Weiss, 1944; Weiss and
Hiscoe, 1948; Weiss, 1970) was for some.time the accepted
concept of axoplasmic transport. In Keeping with this model,
" material appearing too rapidly on the proximal side, or
appearing at all on the distal side, had to be explained as
some form of local reaction (Christ, .1962: Wechsler and
. Hager, 1962; Pellegrino de Iraldi ahd de Robertis; 1970). At
times the attifude even seemed to prevail that the side on
which the accumulation appeared could be uéed as a criterion
of whether it Khad arrived by axonal transport or had been
produced by a local?reacﬁion to the constriction (Lee, 1963;

Kapeller and Mayor, 1969a,b).

Those who considered the accuﬁu]ations to be partially
or wholly accounted for by processes other than interrupted
tranqurt' have  suggested almost every conceivable
altermative. The most frequent of these was  the
transformation or remoqeling of ~ local pre-existing
structures (Hild, 1951: inoue, 1860; Schlote ;and Hager,
1960;  Webster, 1962; Lee, 1963; Wettstein and Sotelo, 1963;
FBlﬁmcke énd'Niedorf, 1864; 1965b; Holtzman fand Novikoff,
1965; Biumcke, Niedorf and Rode, 1966; Schlote, 1966:
Kreutzberg, 1967; Pellegrino de 'Iraldi and de Robertis,
18968; 1970; Kapeller and Méyor, 196%a,b; Geffen and Ostberg,
. 1969; Pellegrino de Iraldi and Rodr fguez de Lorés Arnaiz,
1970; Morris, Hudson and Weddell, 1972; Matthews, 1973:
Sotelo and Taxi; 1973; buce and Keen, 1976). In addition,

all the following pbssibi]ities have been mentioned or
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advocated: ‘activation" oOf axoplasmic components (Wechsler
and Hager, 1962;  Holtzman and Novikoff, 1965;
Skangiel-Kramska, 'Niemierko and Lubifiska, -1969); ‘local

synthesis (Christ, 1962; Evans and Saundgré, 1967,
Kreutzberg, 1967; Pellegrino de Iraldi and de Robertis,
1968; 1970; Skangiel-Kramska, Niemierko and Lubiﬁska;‘ 1969;
McLean and Burnstock, 1972): self-propagation of organelies
or structures by growth or division (Webster, 1962;: Lee,
1963; Melamed and Trujillo-Cendz, 1963; .Wettstein and
Sotelo, 1963; Blumcke and Niedorf, 1965b; Blimcke, Niedorf
é;d Rode, 1966; Kapeller and Mayor, 1969a); swelling (Lee,
1963; Blumcke and Niedorf, 1964); metabélic changes (Inoue,
1960; Blumcke, Niedorf and Rode, 1966); local acquiSftion}
involving uptake by axolemmal endocytosis and transfer of
material from Schwann celis orkmyeiin (Inoue, 1960; Webster,
1962; Mela and Trujillo-Cendz, 1963; Wettstein and
Sotelo, 1963; /Holtzman and Novikoff, 1965;0Morris, Hud;on
and Weddell, 1972; Sotelio and Taxi, 1973); aggregation or
coalescence of intra-axonal material (Lee, 1963; Schlote,
196&;‘Blﬂmcke and Niedorf, 1965a; Blimcke, Niedorf and Rode,
1966); mechanical force or pressure gradient (Kapeller and
Mayor, 1969a,b); ,electrical gradient 1(electrophofesis or
"galvanotaxis") (Friede, 1964a,b; Weiss, 1970): unspecified
reactions td“constriction} (Estable, Acosta-fFerreira and
Sotelo, 1957; Schlote, 1964; Lever et al,“1970); “and

experimental inadequacies (McLéan and Burnstock, 1972).

.2
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Interruption .of‘ tqansport gradually became a more
attractive explanation wgth the UgroWing documgg}ation of
fast transport velocities and bidirectiona]ﬂtrépsport of
matefia] through the axoplasm. In recent yearg}— axonal
transport has been considered to partly orcwhollyvaccount

/for accumulations of various organeiles (Martinez and
Frieée,a 1970;- Matthgwé; 1973), amine storage granules and
noradrenaline (Dahlstrom and FuXe, 1964a; Dahlstrom, ‘1965;
1967b; Dahlstrém and Haggendal, 1966{ Banks, Mangnall and
Mayor, 1969; Brimijoin, 1977), acetylcholine (Dahlstrom et
’al; 1974), specific enzymes including acetylicholinesterase
(Zelené and Lubifska, 1962; Lubiﬁska et él, 1963; Lubifska
and - Niemierko, 1971), d;pamine-[3-hydroxylase (Brimi join,
1975; Brimijoin and Wiermaa, 1977bi and tyrosine hydroxylase
"(Brimi join and QiermaaQ 1977b) and '4C leucine labelled

* proteins (Bray, Kon and BreéKenridge, 1971) on the proximal
side of axonal obstructions, and of '4C leucine labelled
proteins (BrayifKon' and Bréckenridge, 1871), 3H leucine
.labelled proteins (Abe, Haga and Kdrdkawa, 1874), amine .
storage granules (Dahlstrom, 1965), dopamine- B ~hydroxylase

~ (Brimi join and Helland, 1976), acetylcholinesterase (Zelend
and Lubifiska, 1962; Lubifska et al, 1963; Lubiﬁska‘ and
Niemierko, 1971) and possiblyﬂacétylcho]ine (Dahlstrom et
alt, #374) on the distal side. In segments of axons isolated
by two separate interruptions,® bidirectibﬁa] axonal
" transport has ‘been proposed as .an explanatjoﬁ’Afor:”the

redistribution from the center of the segment to both the
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‘ends, of mitochohdria (Zé]ené, 1868; 1969; Banks, Mangnall
and Mayor, 1969;. Friede and Ho, 1977), mitochondrial
hexokinase and glutamic dehydrogenase (Parflow et al, 1972)
and cytochrome oxidase and adenosine friphosphate (Banks,
Magnalf and Mayor, 1969) acetylcholinesterase (Zelenia and
Lubifiska, 1962; Lubifiska et al, 1963; Lubifiska et al, 1964;
Partlow et al, 1972) and 14C- leucine labelled proteins

(Bray, Kon and Breckenridge, 1971).

TRANSPORT QE RADIOACTIVELY LABELLED TRACERS

Attempts to introduce radioactfve isotopes into neurons
and to follow their subsequent‘movements weré begun between
1945 and 1950 (see Gerard, 1950; Weiss, 1969a). The first
reports appeared in 1951 (Samﬁels et al, 1951; Shepherd,
1951, cited by Weiss, 196%a) and the next, several ' wears
later (Waelsch, 1958; Koenig, 19858; Ochs and Burger, 1958).
The technique has grown in recent years to be the most .
- widely used approach in tHe“study of axonal transpért, and
has produced a wealth of evidence for* fhe transport of a
‘wide variety of neuronal materials. Despite its convenience
and reliability, howéver, it remains subject to certain
fairly strict limitations (discussed later), and as a result
a perhaps disproportionate emphasis has been placed upon
proteins and glycoproteins transported in the somatofugal

direction.

(<
\
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SLOW TRANSPORT )

| The first rad1o1sotope to be employed as an indicator-
of axop]asm1c transport was 32p, Fol]ow1ng 1ntraper1tonea1
1nJeot1on of - radﬂoact1ve~ orthophosphate 1nto guinea p1gs.
Samuels et al (1951)  found a gradient of radidactivity
established aTong the sciatic nerve, suggesting that some of.
the phosphorus hed become ihcorporated“k 'into- neurodel

compounds which moved aldmg the nerve in a proxi

dir;btion.’SeVeral years later, Waelsch (1958)

evidence of a progressive proxfmb d1stal shift of prote1n“6¥

'system1c injegtion of 14¢C labelled amino acids J/as

precursors.

In the same - year, euccessful local injections of
rédioactive tracer; into specific regions containing the
cell bod1es of the neurons under study were reported Koenig
(1958) injected labelied methionine or glyc1ne
intra- c1sternal]y, while Ochs and Burger (1958) 1nJected 32p
orthophosphate directly into the ventral horn, and 1in both
cases a prox1mo-d1sta1 gradient of activity was found in the
/eppropriate “nerves, Such localized introduction of
precursors perm1tted improved def1n1t1on without the problem
of high background levels of rad1at10n accompanying system1c
e1nJectlons A number of ~ subsequent studies continued to
provide comparable -evidence. for the inoorporation of
radioactive amino acids into protéjns which appeared to then .

move somatofugallx along the nerves at a slow velocity (Droz

and Verne, 1960; Miani, 1960; Verne and Droz, 1860; Lajtha,
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1961; Weiss, 1961; Ochs, Dalrymple and Richards, 1962;
Rahmann, 1865; Taylor and Weiss, 1965; Austin; Bray and
Young, 1966; Ochs, Johnson: and Ng, 1965\ Weiss,. 1967aﬁ Weiss

Sy -

An important further - improvemeﬁt in technique wa
as

and Holland, 1967: Rahmann, 1968).

achieved with the introduction of\tritiated amino acid

théb.preCUrsor. Using Ioca11y injected 3H .leucine and
autoradiography, Droz and Leblond (1862, 1963) definitively
demonstrated somatic incorporation .of ‘amino acids iRt
protein and subséquent transport down the axon with a
velocity in the vicinity of 1fhm/day. This technique allowed
them to confirm that the transported protein was located

inside the axons.

TRANgPORT AT HIGHER VELOCITIES

The first measurements 6f | radicactively labelled
compounds moving along nérVe fibers at velocities higher
than a few millimeters per day were reported by Miani (1962,
1963, 1964); Using as a marker 32?, applied locally to the
calamus scriptorius of the fourth Aventricle he obtained
ve]bcities‘ of 39-72 mm/day for the ‘distal mqvement‘of
specific phospholipids in rabbit' hypoglossal and vagus
nerves, which he considered too fast to identify with axon
growth and therefore interpreted as movement not of, but
through, the axon. This discovery was followed by a report
of 3H leucine labelled pfotein moving at two distinctly

different .rates, approximately 1-2 and 100-200 mm/day, in
‘ /
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rat ventral root and cat dorsal root fibers (Lasek, 1966).
Later an intermediate ~velocity was 'suggested in rat
motoneurons (Lasek, - 1968b), and a velocity exceeding 500
~mm/day was reported for cat dorsal root ganglion cells
(Lasek, 1968a). Grafstein (1967) found autoradiographic
evidence of two rates of protein movement in go]dfish optic
\ nerve fibers, ‘about 0.4 and 10 mm/day, which differed by a
factor qf ap least 25. This "fast" rate too, was later
revised upward (McEwen and Grafstein, 1968) to 40 mm/day or
more. Kerkut, Shap{ra and Walker (1967) studied the
transport  of labelled glutamate in an jsolatéd'
CNS-nerve-musc]e preparation from snails and frogs, finding
‘-transport rates of 720 and. 12d mm/day, respectively.
"Velocities_above 1 mm/day were reported in'a numbeé of other
studies (Goldberg and Kotani, *1967; Bardndes, 1968; Karlsson
and Sjostrand, 1968; Livett; Geffen and Austin, 1968; -Young
and Droz, 1965} Bray and Austin, 1969; Ochs and Johnson,
1969; Ochs, Sabri and Johnson, 1969). It thus became
abundantly clear fhat labelled éompounds were transported
out of the soma at relatively high velocities, but with the
various different markers, species, and nerves under study,
there was a bewildering vafiety'of reportedeelocitiés. This
diversify of observed rates is still characteristic of
research on axonal transport, although some velocity - ranges

have come to be regarded as fairly standard (see

"Introduction").
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CHARACTERISTICS OF THE TECHNIQUE
The use of aradioactive tracers has gone oh to become
the most widely utilized method in the study of axonal
‘traﬁsport, and has proVided a Qreat deal of useful
information (recent reviews by Lasek (1970b), Ochs (1972a),
Jeffrey  and Austinb (1973) and Heslop (1@75)). It is a
.reliable technique which allows transport of‘ proteins and
other molecules - to be monitored' in intact, normally
functioning neurons. However it has its disadvantages, rahd

these tend to 1limit the Kinds of information which it can

provide.

™
X

Experiments Qti]izing{ radioactive tracers usually
depend upon biosynthetic reactions to incorporate the
labelled precursors into the transported substances and
- structures, and therefore are largely confined to the study
of somatofugal transport. Accuracy and - precision are
compromised by the time lags involved in some combination of
uptake through\‘the eell membrane, " incorporation into
transported substances or organelles, and poesibie storage
before transport. In additjon,.extensive averéging"‘effects
ﬂfare‘ involved, since analysee are usually performed on
segments of whole nerves, which include sehsory and motor,
and' myelinated and unmyelinated axenslpf various sizes and
neurotransmitter types. Furthermore, the precursor may have
been ”takeq up by a Variety of different molecules or be
associated with different orgaﬁelles, and may have left ‘the

cell bodies asynchronously. A final difficulty is imposed by
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the ° poor spatial and temporal resolution afforded by

analysis based upon segments of nerve Severalbmillimeters'in

-

length and obtained at discrete time intervals.
s

SOMATOPETAL TRANSPORT

While the notion of material moving from its site of
Synthesis in the nerve cell bodies to its sitels) of
utilization ’ink the - axons may have been a fairly "natural"

| idea, there werewearly indfcétiops that movemenf of cértain

materials in the bpposité dirqctionvwas also a bossibi]ity.

CENTRIPETAL SbREAD OF NEUROTROPIC VIRUSES AND BACTERIAL
TOXINS h | S ‘//
There was considerable interést and contro;ebsy 'afound
the early 1800’ s concerning the route of entry and
tranﬁmission of séveral neﬁrotropic viruses and bacterial
_ toxins, and for severé] of these agents it was popular tou
propose a direct disto-proximal prépégafion “along\ the
‘peripheral nerves. Opinion was stronglygﬂivided,'hqweverr on
whether transmission took plaqe nex£)to the neurons in the
neural lymphatics, endonehral or peffneuraT spaces 'bf
whetﬁer the materia]s‘énfered the éxons and ascended ﬁnside
.them. Since there w;s__no estab]ishea knowledge of axonal
transport at that time, it was difficult to argue in favor-
.of the 1atter possibiiit;; neverthé]ess, this interpret;;ioh
was advanced by Goodpaéture'and Teague (1923)ﬂ ‘Goodpasture

o

(1925b), Sabin -(1937) and Sabin and Olitsky (1937) for the
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spread of Herpes simplex, febrilis, B, pseudoragies,
vesicﬁlar.sioﬁatitis and  eastern equine encephalomye1itis‘
viruses,‘by Fairbrothér and Hurst (1930) and Bodian and Howe
(1841) for poliémyelitis viéus, by Goodpasture (1925a) forl
rabié§\”yirus,-’and by Meyer and Ransbm ((1904), Thiele and
Emblekon (18914), and Teale and Embleton (1919) for tetanus
toxin. ‘Marie and Morax, .and Golla were also cited in this
connectﬁoﬁ by Yuien (1928).\ Thé research on tetanus was

Eeviewed by Zacks and Sheff (1870).

The validity of some of these studies has been '
/challenged-by subsequent critics, but some of’ the original
conclusions have endu;ed_ to the pqesenf time and have
" received further »support'*froh* recent studies of Herpes
simp]ex\‘virus (Kristéhsson; ‘1979a; Kristensson, Lycke and
Sjostrand, 1971; Cook and Stevens, 1973; Kristensson, Ghetti
and Wisniewski, 1974) and of tetanus toxin (see reviews by
"‘Schwab and Thoenen, 1977; Kristensson, 1978), while other
conclusions regarding such§>agent§ as rabiés and polio
viruses have yet to be diSprovénf It is certain the‘ early
workers_ faced intellectual probjems‘ in proposing an
intraFaxonal ascent of pathbgehic agents at a time when
there- &ag no knowledge of the axonal transport process.
These "problems were not <di;ﬁnished by "the ensuing
disp;oportipnate émphasis and misconception of axonal
transport as an essehtially prbximo-dista] movement, since
the - agehts would then have t& move'";gainst the'current“

Q(Baer, Shanthaveerappa and Bourné. 1965;'Kristehsson, Lycke

!
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and Sjostrand, 1971).

EVIDENCE FROM CQNSTRICTIDN STUDIES

| A  number qf the early constriction experiments
. supported the idga 6f Somatope}a] axonal transport. Although
accumulations of material on the distal side of an axéna]
~ constriction were generally smaller, and were cbserved w{th
less regularity tﬁan those on the pbbximal side, analyses
under appropriate cénditions revealed distal increases of
“acid phosphatase-and‘non=specific esterase (Gould énd Holt,
1861), ‘DPN‘ diaphorase, lactic, malic and succinic
- dehydrogenase (Kreutzbérg, 1863}, acetylcholinesterase
(Zelend and Lubifiska, 1962; Lubifska et al, i963; Kasa, .
1968; LubiAiska and Niemierko, 1971), monoamine oxidase -
“ (McLean -and Burnstock, 1972), catecholamines (Dahlstrém,
. 1965, 1967a), radioactively labelled compounds (Lasek,
- 1967), neurosecretory substancés:(Hild, 1951; Christ, 1862:
'.Diepen,_1962) and particulate _haterial (Lubifska et al,
1963; Schlote, 1966; Zelend, LubiAska and Gutmann, 1968;
Kapelier énd"Mayor, 1969a). A numberrlof other studies,
employing double constrictions spac?d a short distance
- apart, showed accumulations ét both ends of the isolafed
segment, with reductions in the central portion, of
noradrenaline (Dahlstrém, 1965, 1967a), acétylcholinesterése
(Lubifiska et a],- 1964; SKkangiel-Kramska, Niemierko énd
Lubiﬁska,’%-igsg), cytocﬁrome oxidase and " adenosine

triphosphate ~ (Banks, Mangnall : and - Mayor, 1969),
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radiocactively labelled compounds (Mlan1 1964 Lasek, 1967)
and mitochondria (Blimcke, Nledorf and Rode, 1966; Zelend,
1968; Banks, Mangnall and Mayor, 1969). This sort of
evidence was consistent with the idea of ,somatooetalt
movement, but it was not conclusive. It was questionable
whether the observed materials had in fact been moving‘a]ong
the nerve before the constriction was applied, or whether
the material represented an abnormal aocumulafion‘ of
products induced by the injury; Several versions of the
latter possibility were advanced: degenerative changes
(Hild, - 1951), interconversion and morphologvca] alterations
of subcellular organelles and ‘structures (Schlote, 1966},
and injury-generated electrophoretic Vforces (Friede,
1964a,b; Weiss, 1970). Locatl, injury-induced, synthesis was
proposed ‘by Christ (1962), and ~3 specific example, the
induction of mitochondrial .monoamine oxidase ’synthésis in
response to release of noradrenallne in the damaged reg1on

was d1scussed by Mclean and Burnstock (1972) Th1s idea,
however , contrasted with the measurements made by Lubifska
et al (1964) which had shown that the total amount of. enzyme
(AChE in this ‘case) in an 1solated}nerve segment rema1ned
‘constant during its redistribution to the two ends Bray,
Kon and Breckenr1dge (1971) obtained ev1dence that mater1al
arr1v1ng at nerve term1nals by somatofugal transport might
-reverse direction and that a comparable situation might
de&elop in the artificial terminais created by axonal

occlusions. This possibility could help totexplain events
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distal to the proximal member of a double constriction, but
in the absence of a more disfa] constriction, the.experiment
provides support not for an abnormal &ent, but for

somatopetal movement as a normal process.

MICROSCOPIC OBSERVATION OF‘ORGANELLE MOVEMENTS 1IN AXONS
Direct evidence of sﬁstained somatopetal movement in
:herve axons appeared in 1953, in the form of Hughesf fiimed
Tight miérosgopic\ observations of tissue-cultured spinal
ganglion cells from fhe chick. Matsumoto (1820) had
previously noted that intra-axonal moVements of mitochondria
were limited, and while granules were said to exhibit
considerable longitudinal movement, the direction was not
qucified.A Lewis had repor ted pinocytosis.jn~thé;amoeboid
tips: of cultured axons (1945) and referred to the
pcssibilﬁty' of axonal organelle movement (1950), but'HugHes
provided the first definité aécount, describing the movement
of pinocytotic vacuoles, away from the neurite tip’and
towardslthe cell body, as’continuoué over distances of at
least 12-28 wum. The distances may have been greater, siﬁce
the 0.3-0.7 um vacuoles were usually lost from focuS before
any indication of impaired progress appéared. " Their

~ velocities rangeqffrom'0.06 to 0.28 um/sec.

Pinocytoéis at the growth cone and somatopetal mbvement
of vacuoles were also documented by Nakai (1956), using time
lapse cinemicrography of ‘cultured spinal ganglion cells from

chick embryos. The progress of the vacuoles was described as
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discontinuous, with a velocity of about 0;02‘um/sec. In
addition, mitochondria and other granules were »6bserved to
shift fn both direcfions between the perikaryon and the
axon. Similar‘observafions were made by Godina (1956; cited -
by Dahlstrém, 1965). Detailed filmed records of comparable
moveménts were produced by Hayden, Pomerat and Smith (1954)
and Pomérat et al (1967), and observétions;of a similar
nature were reported by several other authors (qjted by

Lubifnska, 1964; Pomerat et al, 1967).

Bidirectional particle movements at velocities much
higher than those previously reported were recorded on
motion picture film by @Burdwood (1965). 1In neurons of
cultured dorsal root ganglia, particles generally moved at
rates from 1 to 5 um/sec, with some rates in excess of 20
um/sec (Rebhun, 1972).. Since no details - concerning the
me thod 6f measurement were given, it hay be that the

particle movements were irregular or saltafory and that the

L
—~high values are not average velocities but maximum

‘instantaneous velocities. Eveh so, the higher values are‘
exceptionél, and have not been'reported(since fqr optically
detectable parffcle#. Tissue-cultured fibers froh émbryos of
thrée dffferent amphibian species fwefe “studied by
Berlinrood, MbGee-Russe1l and Allen (1972). Interspecific
differenéés were found. to exist, but the highest ;ange of
instanténeous'velocities found‘was 0.6 to 2.25 wum/sec.- The
1.0-1.5 um diameter particles moved‘bidireciionally wfth

pathlengths from 4 to 63 um which had no correlation with
, _ Ny



28

velocity. Leestma (1976) recorded movements of spherical
particles 0.3-0.8 um in diameter somatopetally at a mean
velocity of 1.03 um/sec and somatofugally at 1.07 um/sec in
cultured émbryonic mduse qﬁuri}es; Observations of a similar
nature were made in a variety of primary neuronal cultures

and continuous cell lines by Breuer et al (1975).

Y

In spite of the varied and accumulating evidence in
support of somatopetal transport, it was still pbssib]el to
deny its existence in normal mature nerves of adult animals.
It could be argued that the viruses and toxins may have been
moving' in the endoneurial or perineurial spaces (see
KristenSsdn and Olsson, 1973;.Yuien, 1928: Zacks and Sheff,
1970), tﬁét- the studies on interrupted fibers, having
introduced major side effects unrelated té axonal flow; were
crude and led to confusion (Weiss, 1972), and that‘therq‘was
no- justification for extending‘ conclusions from: tissue
cultured neﬁrons, which were immature and actively growing

~in an artificial and abnormal environment, to néurons in the
substantial]y different mature state (Weiss, 1967b). Three
fur ther methodologies however have fina]iy overcome ény

lingering doubts; these will be briefly discussed below.

Oné of the most recent developments~\in the study of
axonal transbort has been the achievement of direct
microscopic observation of particle movements a];ng
functional axon segments . isolated from mature °peripheral

. 3 )
nerves, immediately_ following their removal from normal

v
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animals (Smith, 1971, 1972a). These and sevefa] subséquenf
‘reports are discussed in detai].in Chapter'2. However one of
‘the most interestiné and dramatic results to emerge’from
this approach was that most of the particles detected moved

somatopgtally at velocities of about 1 um/sec. o

RADIOACTIVE LABELLING OF SQMATOPETALLY MOVING MOLECULES
Although the introduction of radioactive amino acids at -

the axon terminals is severely limited compared to ~somatic

labelling, it has been accomplished in certain 1imited »

forms. The dependence of the technique Jupon' the
incorporation of radioacfive precursors of biological
»macromolecules has recently been circumvented by the usé oé
pre-labelled  macromolecules. Soﬁatepetal transport of
radioactive compounds has also been» studied following the
suspected reversal of somatofugally moving material at the
-perve terminals or at _artificial barriers. This Iatteé

‘approach is discussed in Chapter 4.

Ino the experiments of Kérkut, Shapira and Walker
(1967), contiguous organ systems consisting of brain or
spinal :cord. nerve trunk, and muscle were'remdved intact
from both snails and frogs, and transfered ‘into a Chambér‘
designéd to isolate the muscle from the CNS, except for_tﬁe
nerve running betweeh ihem; In both preparations, when 14C

~labelled glutamate was added to the muscle Bathing medium,
" radicactive material was found in the CNS tissue within 24

hours. Precautions were taken to prevent leakagé “or
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diffusion by poséib]e extra-axonal routes, and
autoradiography of the nerve trunk showed labelled material

lggated mainly in the axons of thé nerves.

Av similar centripetal migration of ﬁadioacti&ity was
demonstrated under entirely in vivo cqnditions by Wathn
(1968b), along axons of the hypogiossal nerve‘of the rat.
From 6 to 12 hours after "injection of 3H lysine into the
geniohyoia muscle, radioactivﬁty appeared in the nerve
branch innervéting the muscle, and after 48 hpurs. .a small
proportion of the axonsv in the more” proximal hypoglossal
nerve was heavily labelled. It was not known whether 'the
lysine gained access’ ahd underwent transport as the free
~amino éci@,‘oﬁ whether its)transport depended upon synthetic
‘ reactions. The possibility of 1imited ribosomal synthesis of
pfotein ér incorporation into existing macromolecules in the
axon téfﬁinals has been discussed by Lubiﬁska (1964),
Barondes (1969, 1974) and Heslop (1975).  Nonribosomal
.incorporation of amino aCfds into neuronal protein has been

reported by Carlin (1977).

The attembts‘to introduce fracer amino acids at 'the
periphery were followed by the use of previously labelled
radioactive proteins. Affer injection of '25] labelled nerve
growth factor (NGF) in the region of adrene?g{c nerve
terminals in the iriS of mice, there was a preferential
acéumulation of radioacti§ify iﬁ the cell bodfés of the

ipsilateral superior cervical gahglion, peaking at about 16
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hours (Hendry et al, 1974). This accumulation could be
prevented by transection of the nerve fibers, intraocular
injection of colchicine, ana perhaps (see Fillenz et al,
1976) by 6-hydroxydopamine treatment of the adrenergic
terminals. Accumulation also occurred in syﬁpathetic neuron
cell bodies following %njection into’the submaxillary g]and
(Stockel, Paravic{ni and Thoenen, 1874), and was shown by
dutoradiography to be transported in sympathetic axons -
‘(Iversen, Stéckel and Thoenén; 1975). A similar terminal
uptake and proximal transport of proteins was indicated in
studies wusing 1251 tetanus toxin (Price .et‘ a], 1975;
Stockel, Schwab and . Thoenen, 1975; WeTihbnér, Erdmann and
Wiegand, 1976; Neale and Dimpfel, 1976; Green, Erdmann and
Wellhbnerf31977) and radfoactive]y labelled dopamine-
B - hydroxylase  antibodies (Fillenz et al, 1976). The
physiological éignificance of these and related reborts has

been discussed by Schwab and Thoenen (1977).

In addition to retrograde. transport of radioactive .
proteins and amino acids, evidence has been reported for the
somatopetal migration' ofk injécted labe'l led nucleotides or

derivatives (Wise and Jones, 1976; Hunt and Kunzle, 1976).

SOMATOPETAL TRANSPORT OF NON-RADICACTIVE TRACERS ,
Success has been achieved recently in attempts to

demonstfate neuronal uptake and somatopetal transpoft of

non-radioactfve tracer substances applied in vivo .to the

region of the nerve terminals (reviewed*by Kristensson and

[
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Olsson, 1973; Kristensson, 1978). Kristensson and co-workers
(Kristensson, -1970b; Kristensson and Olsson, 1871b,c,d;
Kristensson, | Olsson and Sjostrand, 1971} found® that
intramuscufar .injections of albumin coupied with the

fluorescent dye Evans blue (EBA) were taken up by motor
neurons and transported towards the ‘cell bodies. It ‘was
thought, that the uptaKe probab]y occurred by p1nocytos1s at

the nerve terminals (Kr1stensson and Olsson, 1971a,d;
"Kristensson, Olsson and %Jostrand 1971), and the'transport_
‘rate was estimateds to be 120 mm/day; in the: rabbit
hypoglossal nerve. This somdtopetal velocity was on]y about
half that of about 300 mm/day reported by SJostrand (1970)
for labelled proteins mov1ng in the distal d1rect1on 1n the»
same nerve, and transport 1in both directions could\ be
.blocked by anoxia, colchicine and crusning.

Shortly afzer the tracer prope?ties 'o% EBA Qere
’ discovered, a second histologically.detectable protein was
found to behave in much the same manner. Horseradlsh
perox1dase (HRP), which had been observed to enter nerves at
qneuromuscular junctions (Zacks and Saito, 1969) was found to
subsequently appear in nerve fibers and cell bodies in the
‘form of granules, vesicles, vacuoles and multivesicular
bodies (Kristensson and O?sson. 1971a,b,d; Kristensson,
Olsson ’ and' Sjostrand, 1871). These 'experiments were
performed using the tongue‘ and gastrocnemius muscle of
mammals (rabbits, rats Vand mice), but the same phenomenon

. was observed in'frogs (Ceccarelli, Hurlbut and Mauro, 1972;
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Litchy, 1973) and chicks {(LaVail and LaVail, 1972, .1974). In
vthe latter experiments, HRP was traced alonq/ two CNS
-pathways, frombierminals in the retina to cell bod{es‘in the
isthmo-optﬁc nucleus, and from terminals in the optic tectum
to retinal gangjion cell bodies. Electron microsqopy showed
~the HRP in large membrane bounded pinocytotic vesicles,
multivesicular bodies, cup-shaped Qrgéne]]es and tubules of
smooth endoplasmic reticulum. Transport oécurred at a
velocity in the vicinity of 72-84 mﬁ/day,_and was inhibited

by colchicine:

.~

HRP labelling has:- become the most widely used technique
for tracing ﬁetrograde axonal transport, due to its relative
generality and reliabi]iiy; SO much so, in fact, .that it has
been adopted by neuroanatomists as a valuable tooi for
investigating neuroanatomical pathways (Cowan ‘and Cuenod,

1975; Kim and Strick, 1976).

L

AV

SELECTIVITY OF SOMATOPETAL TRANSPORT

Tracers taken up at axon termiqa]s have done much to
elucidate the subject of retrogfade axonal»transport. yet
there are many cases where the outcome ’has been negative.
Selectivity of uptake is no doubt an.important limifihg
factor in these attempts. Specificity is displayed by Aerve
~endings both with .respect to the condition or fypes of
neurons, and to the substances applied. In‘the former case,
Kristensson (1970b) found that thé\pptake'and somatopetal

transport of intramusCUIarly injected EBA, readiiy
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demonstrable in suckling mice, was confined to the first few
weeks of . life, and suggested a po§sible connection between

this difference and the age dependence . of murine

_ susceptibility to peripherally inoculated Herpes simplex

virus.‘The exclusion of EBA from the neurons of adult mice
couldluhavé\ been meaiated by a diminishing pinocytotic
Tapacity at the maturing axonal neuromuscular terminals, or
by the decreasing permeability of the perineurium to protein
tracers (Kristensson and Olséon, 1971c). Hanson, Tonge and
Edstrom ~ (1975) were unable to demonstrate uptake and

transport of HRP in an in vitro sciatic nerve-gastrocnemius

‘muscle preparation from the fpod, although the tracer was

carried to cell bodies of the hypogfossal' nucleus in vivo
wiihih 24 hours of inject%on into the tongue. In another
expebimeht (Fillenz et al, 1978); adrenergic sympathetic.
neurons weée shoﬁn to take up and transport injected DBH
anfibodiéS'from the anterior eye chamber of rodents, while
sénsory and motor neurons did not respond to antipody

injections into the forepaw and deltoid muscle.

On the other hand, specificity with. respect to the

applied substance was evident in the work of Stockel,

Paravicini and . Thoenen (1974) and Stoeckel, Schwab and
" . Thoenen " (1975), .where nerve growth factor, but none of the

. other proteins .insulin, ferritin, cytochrome c, HRP,. bovine

-,

albumin or 6valbuhin. were carried from the anterior eye
chamber to cell bodies of the superior cervical ganglion,

and where the trénsport of NGF itself was inhibited by

IS
LN
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relatively small chemica} changes‘in the molecule. Factors
thought>to be involved in the selective nature of the uptake
are discdussed in detail by*bothtSchwab and Thoenen (1977)

and Kristensson (19785t

O

COMMENT

The development of the present understanding of axonal

transport has been outlined. The course of the research has

been: ,(1) to obtain evidence for an acttve transport
process, | (2) to define_Velocities and directions, (3) to
identify the transported materials, (4) to investigate
mecharrisms, "and ° (5) to determine the functions of the

process. The first three agpects have been reviewed in some
detail. Emphasis has been placed on the technical approaches
to the problem eince advances ‘have vaiously'been associated
with thé introduction of new techniquee. A ‘second reason for ,
” this emphasis is that one of thennewer technjques (optical)
has been used exclusively in the experimenta] work in this
the51s, and its use might be expected to generate a somewhat

d1fferent view of axonal transport than ex1sted earlier.

Mechanisms have not been pursued sinée a) they are
not of great significance to the thesis‘ b) they are not
well understood.»There is almost no evidence which allows a
mechanism for slow axonal transport to be proposed. Fast
transport, both. somatofugal and somatopetal is sensitive to
“mitotic inhibitors and thus is thought to depend on the

integrity of axonal microtubules (Hammond and Smith, 1977).
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A role for endoplasmic reticulum in fast axonal transport

. has also been proposed (Droi; Rambourg and Koenig, 1975).

The funct1ons of axonal transport are of consequence to
this thes1s, part1cu]ar1y those aspects of the transport
system which may play a role' in axonal. degenerat1on and
regeneration. This specific aspect of the funct1on of _axonal

transport is reviewed below.

AXONAL TRANSPORT DURING DEGENERATION AND REGENERATION

TRANSPORT IN DISTAL ‘PORTIONS OF DAMAGED AXONS

It has been shown that in t%g distal portions of
neurons separated by sectioning or by ligation_from their
perikarya, the more obviousvycharaoteristics of | axonal
transport are not immediately affected. Based'upon a'review
of microscopic observations of "growing neurons both in vivo

and in vitro, Lubifiska (1964) stated that "Before it finally

degenerates, a cut nerve fibre continues for many hours the

‘activity it .manifested' before the wtransection " ThiS'

activity included back and forth movements of granules a]ong
the .axon, and ascent of droplets taken in at the tip of the‘

axon by pinocytos1s As Lub1nska po1nted out, th1s ‘behavior

was consistent - w1th the cont1nuat1on of stream1ng act1V1ty E
observed in the anucleate cytoplasm of var1ous other{ types
of - plant and animal cells. It was consistent,as well with
the idea that materials'accumulating on the distal sideh of.

nerve interruptions were carried there by the transport

system (see "Somatopetal Transport"). It also comp lemented
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findtngs that the time course, of several changes at the
synaose depended upon the length of the peripheral stump‘
left connected to. the “end organ (Lubinska, 1964). The
persistence of organtzed’ movement in various forms of
"isolated cytop]asm was 1nterpreted by Lubifska and others to
1nd1cate that the factors generating the movement were
present generally throughout the cytoplasm 1tse1f

- A comparable conclusion was arriVeé at through _studtes
- based on the transport of radioactively 1abe11ed materials
a]ong'nerve fibers. Ochs and Ranish (1969) concluded that‘
the mechanism of fast transport was locally and un1form1y
present att along the length of _the axons, and that
continued transport depended _upon oxidetive metabolism
localjy tn every part of the axon (Ochs, 1971b}.~m00hs
postu]ated‘ a hypothetical model for the mechanism of agonal
transport (Ochs, 1971a, 1972a), all the elements  of which

are normal constituents or inclusions of axoptlasm.

< .

-

1

Based »upon }reports of' continueé fast transport in
isolated nerve segments. Fr1zell and SJostrand (1874b) and
Fr1ze1] MclLean and SJostrand (1975) also cébne luded that the
process‘was not - 1nterfered w1th 1n1t1ally by sect1on or
ligation However,. 1nned1ate cessat1on of the progress of
slowly m1grat1ng proteins upon 1solat1on of - vagus .nerve
flbers from their cell bodles by llgat1on or colch1c1ne
‘treatment (Frizell, McLean and S;ostrand 1975) ‘suggested

‘that slow transport - may - djffer‘ from - raptd“transport in

o
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" requiring maintained contact with the cell bodies.

SIGNIFICANCE OF AXONAL TRANSPORT IN REGENERATING NEURONS
Wh1le it was reasonable to assume that axonal transport
would eventually break down in the degenerating distal
portions of axons separated from: their cell bodies, actual
observations of the process under these conditions ‘were
almost 'non-existent Likewise, Iittle information was
available concern1ng transport in the regenerating proximal
part of the/ axon, but it stood to reason that the system
spec1aI1zed r moving prote1ns and/ other materials along
the norma } shouldm/9é/ factor of even. greater
lmportancejwn supp]y1nggmater1aIs durtng;a time of increasedr

synthet1c_aot1v1ty.
E . ° TN . ; ) ‘ (:/,’\

Several other consideFations were reIevant to the
‘pPossible readJustment of axona] transport 1n response to the
altered conditions of regeneration. While the. demand for
molecules to be incorporated into the growing structure )
could be expected to increase, there were also logical and
experimental grounds to pred1ct a decrease . durlng
regeneration in the demand for proteins involved in synapt1c
transm1ss1on (Schwarzacher 1958; Navaratnam, Lewis and
Shute;  1968; Boyle and Gillespie, 1970; Matthews and -
Ratsman, 1872;  Cheah and Geffen, 1973; Karlstrom: Aand
DahIstrom, 1873; Frizell .and Sjostrand 1974b) . 'Hence it was

- not necessarlly a simple 1ncrease in quant1ty of transported

material to be anticipated, but perhaps a qualitat1ve sh1ft

\ . ’ . . ' ~
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from substances involved in the transmitter function of the

neuron to those involved as structural elemehfs of the cell.

While both increased ;ynthesis of structural proteins
and decreased(zélansmitter synthesis related primarily to
somatofugal tféhsport, fhere were also considerations
suggesting the possible invo]vemeht of,éomatopetal transport
in regeneration. It had been shown by several ihvéstigators
kthat' pinocytosis of fluid from theisurfou&djng medjum into
vacuoles, and‘sub;equent proximal movement along the axon,
were characteristic features of grdwing-nehrons in cultures,
of embryonic nervous tissue (Matsumoto, 1920; Lewis,v~1945;
Hughes, 1953; Nakai, 1956; Pomerat et al, 1967; and others).
A few years 1afer indications_began’to appear that jinjured
and regeneratihg axons of mature néurons in vivo could take
up exogenous proteins applied at their tips and transport
them back to the cell bodies (Kristehsson and SjOstrand,
1972, Kristengson and Olsson, 1974; De Vito, Clausing and
Smith, 1974). These observations suggested that the
components of somatoﬁetal transport might be altered during
regeneration by the addition of ‘extrafaxonal material
“sampiéd" at the growth cone by pinocytosis or other uptake

mechanisms.
T,

The possibility ofAcommunication‘betweeh the axon and
the cell body , mediated by:somatdpetai axonal transport, was
relevant to ‘two unexplained properties of damaged neurons,

- viz., the initiation of the thomatglytic,response to”axonai
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injury, and the possible regdlation of the regenerative
process by the conditions at the axon tip. Cragg (1970)
reviewed possible hypotheses for the initiation of
chromatolysis, amdng which the possibility of a role played
by retrograde axonal: transport figured prominently. Other
authorsrﬁwere also of the - obinion that a change in the
substances reachlng the cell bodies by retrograde transport
deserved serious or foremost'eons1derat1on as the signal for
‘chromatolysis (Ochs, 1972b; Kristensson and 0Qlsson, 1973).
The idea had also been expressed'that once underway, the
regenerative response was likely to be subJect to some . form
of control by the exchange of chemical information betﬁeen
the muscle and the nerve cell body (Kristensson - and
SJos;rand 1972, Kr%stensson and Dlsson 1873). Watson
(f974) suggested thakJ the axon tip is the dominant pole of
the ~motoneurfne and determines the metabolic state adopted
by the ceTl",'through the influence en the perikaryon of
proteins asc:néiog the axons. Thus, for somatopetal as well :
as for  somgtofugal transport, - there existed both
experimental and eculat1ve ~grounds* for - examininﬁ the

possible alterat1ons induced by axonal dinjury.

- SOMATOFUGAL TRANSPORT IN'PRQXIMAL"PORTIDNS,QF DAMAGED AXONS
EarTy Attempts to Relate Axonal Transport to Regeneration

In 1942, Young mentioned the hypothesis “that - the

process of- growth of- the axon is essentially a flowing out
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from the intact stump [of] the parent axoh"; The presence of
a slow proximo-distal bulk flow of axoplasm in regenerating
neurons was also consideréd by Lubifska (1964), a]oﬁg with
mention of several studies reporting the bidirectional
movements of axoplasmic inclusions in growfng cultured
neurons. On the basis of thése observations, together with
measurements of the rate of advance of growing axon tips,
Lubiﬁska suggested that the elopgation of the fibér might be
a reflection of the difference between the amount of
material carried distally and the amount returning in the
proximal diregtfaﬁ:'Thfé concept represented a ;omewhat more
realistic péssibi{itf ~than the previous version, A_as
expressed by Young, which considered growth to be,thé resulf
of méferial moving forth from the cell bogy“4§imply in the

-

distal direction. ‘ pe

e

-Even so, ' the fdea was 51111 formulated in the most
general terms{ and when the first reports of experimental
results began, to appeér, the findings were contradictory.
Ochs, Kachmann -and DeMyer (1960) injected radioactive
phosphorus into both ventral ‘horns of the‘ spinal cord
following unilateral érushes of cat 'sciatic nerve. By
measuring the radioactivity in adjacent&*segments’of the
veritral root, it was concluded that the rate of axoplasmic
flow was decreased below normal values between 3 and 15 day%?
later oh the side of the chsh. but a comparable 'decreasev
was found on the uninjured”sfde as well, In the period from

15 to 27 days, the values were .closer to normal on the
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uncrushed side, and covered an extended and less consistent

range on the crushed side.

In 1968, Francoeur and 0OlszewsKi conducted an
autoradiographic study of the fate of 3H leucine 1labelled
protein in normal and transected mouse sciatic nerves.
A]though no direct comparison of 'transport under the two
conditions was ;giVen,w synthesis of . proteins, which were
destined for trahSport down the axons, showed an initja]
reduction. followed by én increase to above normal levels

from about 1 to 30 days after transection.

The™ next‘ attempt to investigaﬁe transport in
/regenerating nerve cells was that of Grafstein and Murray
(1969}, again‘ employ{ng tritiated leucine  as the
radiolabel led ma;Kér. Two different rates of transport were
“studied, refgéredvto as slow and'fagt, but at a normal value .
of 40 mm/day, the "fast’ rate was somewhat below the
generally recognized range; even for goldfish optic nerve
(Heslop, 1875). It was concluded that the slow rate was
increased abgut three-fold (from 0.4-0.5 mm/day to 0.8-1.0
mm/day ) beéinning 6-8 days after section, reaching a maximum
at about 2 1/2 weeks, and remaining elevated for - several
weeks after,theTregeherating fibers had recopnected with the
optic tectum; The faster }ransport was gudged to have

approximately doubled its normal velocity at about 2 weeks

v - <.
after reconnection.

{3 '
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Kreutzberg and Schubert (1971b) studied transport of 3H
f]y$ine labglled proteins in regenérating guinea pig
hYDogiossaT nerves from 3 to 60 days following transection.
They found tﬁat an accumulation of Eadibacti?ity just
proximal to the transection, within theffirst‘few days, was
later replaced by a significantly higher level éf' activity
over the whole lergth of the nerve. This was interpreted as
an'incréased‘amouﬁt of radioactive‘fmateriafl entering the
regenerating nerves by fast transport, but the authors were
not convincéa of any charige in the velocity o% the transport
during ‘regeneration. ‘A peak of radioactivify appearing in

association with the slow component was alsovinferpreted as

i

an jindication of a redistribution rather than an* increase in

velocity of the labelled material.

In the same year another study (Carlsson, Bolander and
$jOstrand, 1971) was made of transported proteins, including
choline acetylfhansferase and = acetylcholinesterase, in

regenerating feline. ventral roots up to 38 weeks

postoperatively. Near the end of this period a decreasé was

fOUnd in the transport rates ‘of both ,fast'ahd slow 3H
leucine labelled proteins, with the fast rate dropping from
139 to 104 mm/day, and the average slow’rate;decreasingffrom

5 to 3 mm/day, in the regenerating roots. initia]ly choline

acetyltransferase and acetylcholinesterase activity showed

an increase proximal to the lesion and a marked decrease on ’

the distal side, but by the end of the -36 weeks they had

recovered to about 70% and .85% respectively, of control
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values. -

A
\

Probiems of Interpretation and Experimentation

The picture that emérged from the first studies of
axonal transport-during regeneration was very inconsistent,
with findings of increases, decreases, and no change, all

being reported for both fast and slow transport. Part of the

reason for this inconsistency was a laFk of precision, ‘both °
in the methods employed measuremént; and in the manner
of}ana]yzing‘the process. Th od employed by Ochs,
Kgchmann and DeMyer (1960) for instance, was inexact,
bééause its validity rested upon_thekassu tion that efflux
- of ;th; label from the injection site was -1insar. Subsequenti
woﬁk showed- instead‘ that the.]férm of th ougflow - was
exponentfal{.and suggested that the appar ht decrease during
regeneration ébserved in E%e previous sfudy may have been

artifactual (Ochs, Dalrymple and Richards, 1962).

Lack of clarity in ana]yzﬁng and interpreting results
has been particularly evident in cases where conclusions
about velogity are inferred from the accumulation of a_label
adjacent to a lesion. This broblem was -exemplified i; the
study_ by ’Gbéfstéin and Murray (19639), where the property’ .
that was actually measured by‘the authors for the eyaluation
of fast transport was | the | time required for the’
radioactivity arriving in the opfig tectum to reach one Ha]f

of its peak value. ‘Since this occurred in regenerating
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nerves in half the time required by normal nerves, it was
concluded that the velocity had doubled. However, since both
‘thé velocity énd the quantity or density of material in
transit co-determine the quantity of material that will
arrive atuany particular location, a change in accumulation

is not necessarily an indication of any change in velocity.

In addition to the problem of distinguishing bet@een“
velocity and measufements  of whichL velocity is one
cohponent, a related qifficulty has been the degree 6f
ambiguity accompanying the use of the term "rate".in the
1iterature. Itohasusometimes been._used,‘in the sensé of
distance per uni t time (i.e. velocity), sometimes in the
sense of quantity per unit time (i.e. flow rate), and
sometimes it has not been'cleab which sense of the terﬁ was
intended. It has therefore been necéssary;‘in describing and
dﬁscussing some of the literature, to emp loy suchbterms as:
"rate" in‘an"mprecise sense; the'general terms "inérease“
and "decrgg;ZE\have also been used where the exact original
mean1ng was not clear.

-

}The more ' recent tranéport studies in .Eegenerating

" neurons have in many cases avoided these’prdbiems, but there
'are further reasons that a consistent overall "picture of
axonal transport: during regenerat1on w111 not be available
unti] a nu%ber of specific aspects are more fully
inveStigated For instance, while variation in velocity is

~-to be expected between the various classes of animals, there
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are suggestions that the response of axonal tﬁansport to
regenerat1on may differ substantya]ly between different
nerves of the same animal (Frizeil and Sjostrand, 1974c,d:
Frizell, MclLean and Sjsstrand, 1978). b

“Furthermore, the limitations of the radioactive
labelling téchnique; upon which most of the research _is
based, have to be borne‘in‘mihd. Since it is the amount of
radioactivity, rather than the ambunf of proteins or other
molecu)es, that is being measured, it "is possible that
apparent changes in the latter could be produced by
variation in specific incorporétion due to.altered precursor
pools (Frizell ahd Sjostrand, 1974c) Another caution is
suggested by the experiment of Cook and Whitlock (1975), Qho
found that a progressing axonal crest of rad1oact1ve protein
»detected by liquid scintillation counting, was preceded by\?
faster component detectable only by autoradiographic

technique.

DIFFICULTIES IN  ~IDENTIFYING GENERAL RESPONSES DURING
REGENERATION

For several reasons then, a unified view of the place
of .axézal transport in regeneration will only follow the
assimilation of information gathered. by a variety of
different studies. Several;othef reports have been pub]ished
since the original ones, and in general terms it would have

to be said that an increase in velocity or amount of

material transported (Grafsteln and Murray, 1969, Gamache

~ ¢ e
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and Gamache, 1874; Ingoglia, Weis and Mycek, 1975) appears
to be more common during regeneration “than a decrease
(Carisson, Bolander and Sjostrand, = 1971). &ore important
'however,- is the fact that it has turned out to be véry
difficult to describe pr;perly the response in general terms
at all, -since the majority of studies have produced mixed
vresu]fs ~of one form or another. In addition to the
previously described Astudies of Ochs, Kachmann and DeMyer
(1966), Kreutzberg and Schubert (1871b) and Griffin,

Drachman an

particulér haye published .a "séries of reports indicating
that the respanses served differed between proteins. and

glycoproteins and between hypoglossal and vagus nerves.

//

In the first experiment (Frizell and Sjag;rand 1974b) ,
alterations in the transport of rapidly m1grat1ng prote1ns
and g]ycoprote1ns were studied in the rabbit hypoglossal
nerve. After 1 week of regeneration, the accumulation of
choline acetyltranéferaée, acetylcholinestergse and 3H
leucine .labelied protéins was reduced tQ the vicinity of
50-60% of control wvalues, while the accumulation of 3H
fucése labelled glycoproteins was increased to 240% of
nbrmél For the most part these alteratlons persisted at 4

and 6 week periods, although in lesser degree. The method
used did not ;allow a distinction to be made betweenv changes
in velocity of transport or changes in the amount of

material transported at the same velocity.

Price (1978), Frizell and Sjostrand in
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The second report (Frizell and”l§jbstrand, 1874d)
focused on the fast transport of glycoproteins and in;luded
observations in rabbit vagus as wéTl as"hypoglossél nerves.
As before, a substantial increase of 3H fucose labelled
'glycoprotein wés observed in the ‘regenerating hypoQTstaf
nerves at 1 and 4 weeks. However, thé transport velocity,

. which could be specifically calculated in this(experiment,
did not appear to be affected. éimi]arfy, in  the
regeneratiﬁg vagus Xnervé the traﬁsport velocity remained
unchanged, but inAcontrast to the hypoglossal nerve, the
amount of labelled glycoprotein accumulating prgximal to the
crush was significantly less at both 1 and 4 weeks. Possible
reasons for the dlscrepancy were considered, but no c]ear“

exp]anat1on was ava11ab1e

© When transporf of siow]y migrating 3H leucine labelled
proteins was examined in the same two nerves (Frizell and
Sjostrand 1974c), the general pattern of greater activity in
the hypoglossal and diminished act1v1ty 1nﬁfh§ vagus- nerve
was- repeated. But in contrast to the stabié/ ;eloc]t1es”of
rapid glycoprotein transport, adjustments in velocity were
found durlng regeneration for slow]y migrating protelns The
value of 4 5 mm/day, found in both normal hypoglossal nerves
and in those céontralateral to a nerve crush, approx1mately
doubled,. to about 9 mm/day after 9 days of regenerat1on For
technical reasons it was difficult to define the absolute.

velocity ih the regenerating vagus nerve, but in all

experiments at 9 and 10 days, the radioactive front vmoved



49

-

further' distally .in the contralateral than in the
regenerating nerve. The amounts bf labelled, slowly
migrating,"proteins also reflected the previous patterns of
increase and decrease in the bypoglossal and vague nerves,
respecti&e]y. The 1esstyigorous respbnse in the vagus nerve
'was attribufed to a Jless developed or less successful
attempt at regeneration, although 1labelled proteins were
transborted into the growing fibers distal to the crush in
both nerves. Whafever the explanation, it was demonstrated
that substantial differences existed during reQenerafion
between the hypoglossal and vagus nerves of the . rabbit, in
terms of both. velocity and amount rof.vslqwly migrating
proteins, and in the amount of rapidly m%gréting
glycoproteins. In adgition, a di%ferent response was
exhibited by proteins than. byAnglycoprotéins in the
regenerating hypoglossa] nerve. OQOverall, this ’series of
exXper ime té provided an ;indication of the Kinds of
variabi]ity that may be expected to occur  in the transport .
system during regenerat1on Ev1dently such factors ash the
.specific nerves 1nvolved the particular chemfcal components
being transported and the length of time e]apsed will play
a large part in determ1n1ng the exact response in any g1ven

s1tuat1on

If the idea of an overall increase or. decrease in
axonal Vtransport accompanying regeheratidn is = too
simplistic, are there any general statements which are

likely to be -applicable? The concensus of evidence is that



50

the velocity of rap1d axona] transport remains unchanged

while any d1fferences in mater1a1 c1rculat1ng are effected
mainly by changes in the amount of material contalned in: the
stream (Ochs, Dalrymple and R1chards,u1962, .Kreutzoerg and
Schdoert, 1971b; Frizell and Sjostrand. 1974b,d; ingoglia
Weis and»MyceK, 1875; Griffin, Drachman and APrice,”.1376;
) Bisby, tg;7t, and this possibi]ity has" been advocated by
Ochs (1972b, 1975). On the other hand, the evidence for net
increases or decreases in the actual amount of maferial
transported‘ts still very‘incopststent.

COMRARISON1WITH TRANEPDRT »DQRING.MEMBRYONIQ ANDV,POSTNATAL
DEVELOPMENT = o | )

Given that considerable uncertajnty:present]y ‘exists
concerning the characteristics of axonat ItranspOPtn during
regeneration, it may be instructive to examine what is Known
of the process during the initial embryonic and “postnatal
development of nerves..\Because of the simtlarity between‘u
regeneration and the original deve]opmental ﬂoutgrowth - of
nerve fibers, the properties of axonal transport duringv
prenatal and early postnatal in vivo deVelopment might
provtde a useful perspect1ve on alterations to be expected1
in the regenerating axon. Such “af compar1son e further -
, encouraged by the somewhat greater consistency to date among'
stud1es of transport dur1ng deve lopment than dur1ng{

regéneration Most of ‘these experrments are based upon the -

injection of radiocactive precursors into regions occupied by
. ; —-‘-""—T’
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nerve cell bodies, and subsequent detection of the

transported label by liquid scintillation counting or

‘autoradiography.
N

W2 | L |
\%%here is good agreement ‘on the development of rapid
transportlof proteins in avian embryos and amphibian larv%e,

Bondy and Madsen (1971Y, Marchisio et al (1973), Sjdstrand,

Karlsson and Marchisio (1973), Gremo ‘and Marchisio (1975a,b)

and Marchisio, Gremo and/,destrand (1975) ‘all reported

increases’ with age in fasf axonal protein transport in the

x'optic nerves of chick embryos. Crossland et al (1974},

Comparing protein transport velocities' in  embronic and

hatched"chjcks, found an increase from approximately” 92

.mm/day in the 5.5 day embryo to about 200 mm/day at 5-6

Qeeks after hatchlng. and in frog larvae (stage Vi)
calculated a velocity which was. lower than that in the adult‘

(Edstrom ang Hanson, 1973a)

D1screpanc1es again -appeared in connect1on w1th rapid

. progp1n transport -in neonates.) The observations of

P

Hendr1cksdn and Cowan (1971) indicated a contijeation of the

) 5ncre55e in transport reborted for earlwer‘stgges They,

~found a cont1nual 1ncrease in the veloc1ty of rap1d prote1n

transport in newborn rabbits from 6 days to. 4 weeks. of age,

. at which time the velocity atta1ned a fa1rly constant value///'

whlch cont1nued into adult life. 0n the other hand the

studies of Gremo and MarchISio (1975b) and Marchis1o, - Gremo .

and SJostrand {1975) revealed a decline in the  rapid

£



transport of prote1ns in the ch1ck opt1c nerve//ﬁeginning at
about the t1me of hatch1ng and leveling off at adult values
thereafter. These two sets of observat1ons are not
necessarily contradictory however, because Hendr ickson and
Cowan dealt exclusively with measurements'.of transport
veloctty; while in the latter exper1ments transport was
expressed 1n terms of the proport1on of 1nJected precursor
that was exported to the periphery within a given period of
time. It is-possible that: the veloCity continues to rise or
remains’constant while a declining amount of material‘ is

being loaded onto the transport system.

General agreement is again-the rule when the studies of
slow prote1n transport during development are considered |
March151o et al (1873), although they d1d not analyze slow:
proté1n transport in deta1l, did calcu]ate its . velocity in
the fchickr optie nerve, -and comparedlit toiothertreported
veloctttes both before and after hatchinga The comparison

indicated  that there was a.‘oontinuous decrease in the.
vveloc1ty of slow axonal transport throughout embryon1c and}
'early post embryonic deve]opment The same conc]us1on was

expressed and d1scussed by Marchls1o and SJostrand (1972)

_  Slow »protein transport underp~pOStnatal and‘dmature
‘c6nditions was companed by ‘Droz and Leblond. (1963), Droz
(1965) and Lasek (1970a). The‘ former two reports grew
attention to the cons1stently higher veloc1t1es observed in

 the younger an1mals Average values d1ffered by a factor of

AN
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about 2-3, and the same approximate ratio was _reported by

53

'Lasek (1970a), whorfound velocities in Kitten sciatic nerve
to be 2- 3 t1mes greater than those in the cat. Hendrickson
and Cowan (1971) reported a postnatal decrease’in slow
protein transport in rabbit optic nerves from approximately
5 mm/day at the end of the f1rst week to about 2 mm/day
around 4 weeks of age The change was described not as’
~gradual but rather rapid during the fourth week, and the
authors considered that this period might coincide with theb"
vestablishment by the 'retinal gang]?on ‘cell axons. of

definitive‘synaptic connections in the superior colljculus;

Wh1le no slow rate has been descr1bed for embryon1c or
postnatal . transport of glycoprotelns, rap1d gl{coprote1n
transport appears to follow a s1m11ar pattern to Ehat of the
prote1ns In embryon1c 'chtck optic nerves, an 1ncrease in
rap1d g]ycoprote1n_ transport as a funct1on of ;ge was
observed by . Bondy and Madsen (1971) Marchlswo et al (1973),
Sjostrand, Karlsson -and Marchis1o (1873), Gremo, SJostrand
and March1s1b (1974), Gremo and Marchlslo (1975a b) and
March1sio, Gremo and Sjdstrand (1975) In the newly hatched
chick, ;the_ proport1on of 1nJected precursor exported glong
the axons was found to decrease during the firsi' few weeks
(Gremo and’ March1sio, 1975b March1310, Gremo and Sjostrand,
(1975) but as before th1s measurement does not ﬁneoessarlly
reflect changes in velocity. '

. The overaifhhresults to'hdafe ‘of researoh on axonal

PR
N
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transport in developing neurons have been consistent enough
fo eftablish‘ 6ertain general trends. Rapid ‘protein and
glyégprotein transport has }consistently been found to
increase with age during middle and late embryological
development, and during the first few weeks in the newborn,
tends to adjust to stable adult levels, although the
direction 1in which fhe adjustmeﬁt occurs is presentlyN
unclear. Slow fransport of proteins has consistently been
observed to undergo a continual décreése in velocity from
its earliest detection in the emrbyo to its final minimum

" level in the matured nerves of the adult.

The general. hypothesis could be suggeéted that slow
protein transpdrt is primari]y associatéd .with axonal
growth, particularly in length, and that the rapid phase is
associated mainly with neurotransmission (or neurosecretion)
and 'sfeady state metabo]ism. This possibility wogld_lead to
the predictiqn of relatively high rates for slow transport’
during early ,dévelopment and_low rates during steady stafé
céndiiions, and to initiaily low rates for rapid transport
increasing to - higher levels in fully deVeléped nerves and’
tracts. These pyedictioﬁs are ]abge1y_ borne oUt. by the

experimental results.

The hypotheSis would also have implicatiohs for protein
transport;in‘regenerating neurons, - ‘under which" conditions
growth again assumes a ‘dominant, and synaptic transmission a

diminished, role. In these circumstances, an increase in

~
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slow transport and decrease 1in rapid transport might be

anticipated. Any such general changes duri regeneration

could theoretica]ly occur either throug alterations in

transport velocity or through changes }in the amount of
material "loaded; onto the transport system. Iﬁ the sFudies
of transport during 'deyelopment. mos t ‘ the changes
reported were in velocity, a situation which appears to be
at odds with the opinion that velocity may be the one stable
characteriét%c of transport.in the studies of regenerating
qurons. However, the fact that the developmental changes
appeafed primarily in velocity was usually attributable to
the design of the experiments, and did not preclude the
possibility of concqmitant changes in the quantities of
mﬁteria]s ‘involved. It may ’be that adjustments during
development can be effected thrdugh alterations both in |
velocify and in,quantity of material per unit. volume, while
changes in the more mature néurons during regeneration might
be possible only through alterations:in the,latter,variaﬁle.
& -
SOMATOPETAL TRANSPORT IN PROXIMAL PORTIONS OF DAMAGED AXONS
Reéearch on éomatofugal transport has overshadowed
investigaiions of somatopetal transport in damaged and
regenerating neurons, _as was the case in normél neurons,
again, largely because of.the»greater eése.of labelling for
material moving' in the idistal direction. Hoﬁever if the
chroméfolyticvreaction is to be triggered (Cragg, 1970;
Ochs, 1972b; Kristensson and Olsson, 1973, 1974, 1975, 1976;



56
Halperin and La Vail, 1975; Bisby and Buiger, i977), or if
the regenerative response fs to be regulated (Kristensson
and Sjostrand, 1972; Kristensson and DTsson, 18973, Watson,
1974, Frizell, McLean and Sjéstrand, 1976; Bulger and Bisby,
1978), by ascending cﬁemiéal influences in the axons, an
hnderstanding of sématopetal transport in damaged axons will
be imbortant. Somatopetal transport.ﬂ%s sihilar implications
for éontﬁol of the ﬁnitialbdevelopment of nerve fibers and-

possibly of synaptic connections (Gremo and Marchisio,

—

1975b) . L a

Before any~direqt experiﬁfﬁtal evidence existed for:
somatopetal transport in regenebating axons, Watson (1968a)
observed that the nucleolar response to axonal injury begaﬁ
and declined‘eariieﬁ. thelclbser the injury was to the célf
body. Although thére were other indications {hat these
chénges were hqt induced simply by‘ removal of contact
between the neuron and its motor terminal, ‘the' temporal
dependence of - the reaction on ihe diétance from the injury
was consistent with the idea of its 1nitiétion or rggulétion

by some ‘kind of message moving somatopetallyAalong the axon.

N\
AN

Kreutzbérg\ and 'EChubert (1971a), in a stuﬁy of volume
changes in axons central to :the " level of transection,
expressed -the opinion that some aspect of the transport and
vo lume changés_kwas ilikely to account for thé ﬁguron‘s
ability to respond appropriately to the peripheral

requirements.
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Direct evidence of somatopetal transporf'in injured and

‘regenenating axons appeared the following year. Kristensson
and Sjéstrand (1972) found that Evans blue labelled albumin
(EBA) was taken up by nerve terminals and transported to the
‘cell bodies by regeneratlng rabbit hypoglossal neurons from
1 to 4 months after crushing. Litchy (1873) and -De Vito,
Clausing and Smith (1974) demopstrated en uptake and

somatopetal transport of another exogenous proteinvvfracer,

‘horseradish peroxidase (HRP), from intact terminals and cut

~ends of amphibian and mammalian nerves. HRP was. also shown

by Halperin and Héayail (1975) to be taken up at damaged

retinal ganglion cell terminals in the chick retina and

carried to the'cel1 bodies in the isthmo-optic nucleus.

the traEer proteins at the cell bodies of the injured

neuron: ere compared to those of uninjured neurons, and
found to be distinctly different. Kristensson and
Sjostrand (1972) found that, while EBA accumulated in the

nerve cell bodies of intact control neurons within 10-24

1

hours ° after | intramuscular’ injection, none appeared in the

cell bodies of crushed neubons for over 3 weeks . An

increased 1nten51ty of tracer was seen in the 1nJured cells

relatlve to the control side from 35 to 48 days after the

crush, and by 80 to- 120 days the difference between sides

was ne longer detectable ' Halper1n and LaVa11 - (1975)
vexam1ned the accumulat1on of HRP over a shorter time period,

1mmediately following its in3ect1on into the vitreous body

Iy
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of chick eyes. The\traser first appeared in the bodies of
the | uninjured cells 3.5 hours later, whereas the
accumulation began at 4-6 hours 1n the injured neurons.

'Between 6 75 and 18 bhours, the ﬁ?Jured cells accumulated

‘Significantly more HRP than normal cells, but from 24 to 72

hours later they contained significantly less tracer. The -

differences were cdnsidered to be'mediated'by variations in
the uptaRe of HRP by the injured nerve terminals rather than

by any change in the veloc1ty of transport

Somatopetal  transport of radioactively labelled
~endogenous proteins and glycoproteins' was documented by
Sjostrand and Frizell >(1975) and Frizell, McLean and |
ASjostrand - (1976), using a method based upon the reversal of
somatofugally transported material at natural and artificial
| nerve endings (see Chapter 5)}. Comparison of’accumuiations
'»on the - distal sides of ligatures on unoperated " and
regenerating nerves at 1 and 5 weeks indicated the presence
of a. rapid somatopetal transport /oi proteins and
g]ycoproteins in both regenerating hypogiossal and vagus
‘nerves, which was greater than that present 1na_the controlw'
neryes. Further evidence_of protein.reversal and retrograde
transport in regenerating nerves was reported by Bulger ‘and

Bisby (1978).

It has been adequately established by these studies
ﬁthatdsomatopetal transport continues to operate in damaged

and regenerating axons. Both foreign and native substances
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can be carried to the cell bodies by the' system, and both
increases and decreases 1n amounts of material conveyed are

possible, depend1ﬁg on the particular c1rcumstances It is
therefore possible for the cell boo1es to receive
“information concerning conditions af;ecting the axons
through both qualitative and quantitative variationsu in

material arriving by somatopetal transport.

AibﬁAL_TRANSPORT IN REGENERATING SPROUTS
xTrahsport in regenerating axonal sprouts has been
studied recently. Griffin, Drachman and Price (1976)
- measured the same velocity (383 * 33 mm/day) for fast
ceJsomatot‘ugal transport of 3H leucine labelled proteins in
both the central stumps and in the regenerating sprouts.of
~ -rat sctatic motor nerves. No impediment was apparent at the
leve1 of the axotomy, and autoradiography indicated that the
labelled proteins were accumulating in the end1ngs of the
' sprouts McLean, Fr1zel] and Sjostrand (1976) also reported
transport of radioactive prote1ns through the crush zone and

into the newly grown motor and sensory fibers of the rabbit

vagus nerve.

It appears then that the process of -rapid somatofugal

transport in regeneratingi sprouts

wsembles that in the
normal axon, and that it probably func! ﬁons to convey newly
synthes1zed materlals to the growing axon tips. Although the
labelled prote1n was arrested at the crush zone in9 vagal -
f1bers incubated in vitro rather than in vivo following

s~

~—
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precursor injection (McLean Frizell and SJostrand 1876) ,
this failure was likely to have been an: indirect effect on

the transport system of some other abnormality existing

~under the in vitro conditions.

STATEMENT OF OBJECTIVES

The objectives of the work reported in this thesis are:

1. To develop the particular perspecti?e of one of the
newer épproaches to axonal transport: the optical
detection of particulate material in axons isola*ed from
mature animals.

2. To define the properties of the organelle transport
observed by this technique in normal axons.

3. To investigate whether fhe transport is altered in
regenerating axons.

4. To aitempt to account for the organeile transport
observed in interrupted and regenerafing axons by
investigating events at{therends‘df"thg crushed fibérs.

[N



CHAPTER 2
OPTICAL DETECTION OF ORGANELLE TRANSPORT IN NORMAL AXONS

INTRODUCTION

The work reported in this chapter was among the
»ear]1est efforts to describe the mqvemeﬁts ‘of ‘organelles
wh1ch had only .recently been shown to be detectable by
optical methods in living mature nerve fibers: (Smlth 1971,
1972a, 1973 Kirkpatrick, Bray and Palmer 1972; K1rkpatr1ck
-and Stern, 1873). &n mye11nated axons isolated from adult
Xenopus laevis, three groups of organe]]esﬁdiffering in

<

appearance or behavior, were detected. This  work is

nﬁbescribed in the present chapter; the results have also been

reported in a paper (Coober and Smith, 1974).

METHODS | | |

The-animals used were adult. male and female Xenopus
" laevis (African clawed toad). These animals were in- good
nutritional condition and were Kept in ‘tanks of -water_ ai
roqm temperature.r In most experiments the animals .were
pithed, but in.sohe cases, as for the isolation-of parts of
the spinal rbot, System they were anaesthetized by
submers1on in a 2% solution of urethane (ethyi‘ carbamate) .
Nerves were dissected free from the animal, and eingle
myel1nated nerve fibers were subsequently 1solated under a
Ringer solutlon of composition (mM): NaC1, 112 NaHCOg3, 2.5;
KC1,. 2.5; CaCIz, 2.0. The R1nger solution was gassed w1th-

61
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95% 02 and 5% COy before use. A1l exper1ments were conducted

at room temperature (20-22°C).

Most of the_ observations were on nerve fibers which
were 10-20 um in diameter. These were isolated at the cen¢re
of a 5 cm length of sciatic nerve taken from the h1p to just
below the knee joint. Approximately 50. such preparations
were used. In a sﬂell number of oases fibers from parts of
the eiéhth spinal roots and from identified sensory andt
motor nerves in the leg were used: ventral root fibers,
three experiments; dorsal root fibers central to the dorsal
root ganglion, five experiﬁents; dorsal root fibers distal
to the ganglion, ‘three; sensory nerve fibers to the Knee -
joint and to leg sktn three; large d1ameter motor nerve
fibers to the iliofjbularis muscle (1dent1f1ed as in Smith

~and Ldnnergren, 1968), four.

IsolatedAnerve fibers were mounted for observation in a
‘chamber made from a mtcroscope slide (Figure 2.1). Two
longltud1na1 grooves 7 mm w1de were m11]ed with a diamond
cutter in each half of the slide to a depth of half the .
thickness of the slide. A central table about 2 mm wide
separated the two groovesf-The undissected portions of the .
nerve rested in each groove while the table supported the
~single nerve fiber. The top surface of the‘slide was lightiy
greased with petroleum je]ly to sopport and seel a cover
slip. This chamber allowed very close apposition of the

- cover s]1p to. the 1solated part of the nerve fiber without
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Figure 2.1. Diagrammatic - top view, below, and section,
above, of - the viewing chamber. A microscope slide (a) had
two longitudinal grooves 7 mm wide milled to half the
‘thickness of the slide. At the center of the slide the two
grooves were separated by a table 2 mm wide which supported
the single nerve fiber. The dissected piece of nerve is
shown in place (b). The nerve was immersed in  a Ringer
solution (not shown). A cover glass .(c) was placed over the -
preparation. A layer of petroleum jelly (d), indicated . by
the stipple, prevented the cover glass from touching the
single nerve fiber and also sealed the cover glass to the
slide. The petroleum jelly at the ends of the slide
- prevented the Ringer solution from leaking off the slide.



ey

.AA'

b4

~crushing those parts remaining in the undissected nerve

bundie. Fresh Ringer’ solution could be perfused through the
’ e o
chamber by dripping it~iato one end of the central groove

and removing. the solut1on emerg1ng at the far side of.\ the

/"»

cover sl1p

Organelles uithin‘ the axoplasm of  the single nerve
fibers could be detected us1ng e1ther Nomarsk1 »optics or’
darkfield opt1cs (Smith, 1971, 1972a) - In . most cases
darkfieldvilluminatlpn was the more useful. A ;Z%iss Ultra

darkfield condenser wasf‘used with a 100X pfanaChromatit

objective at a numerical aperture of . 0.9-0. 8 The light
source was a quartz iodide lamp ‘Heat f1lteq§ in the optical-=

:path prevented un1ntent1onal heattng of the preparat1on

The motioh of organelles within the axoplasm was

'.recorded e1ther on-motion picture f1lm (see Plate 2. 2) or by
,not1ng the t1mes ‘at wh1ch organelles crossed the f1ne l1nes
cf an ,ocular grid. Mot19n ptctures_of the darkf1eld,imageh

were take,n' at 3 or 4 fhames/sec with Kodak 2479 - RAR 16 mm )

film. The camera, mounted to a rwg1d frame separate from the

'm1croscope was dr1ven ,by a servomotor v1a a flex1ble
coupling. | Nomarsk1 1mages could be fllmed at 12° frames/sec
with Kodak 4X f1lm The motion pwcture reconds were viewed

using a framel ‘counting analysis prOJector,hand“the imaées u

were'either measured - directly, Jor in’ a few cases were
digitized ., and subsequently analyzed w1th computer prcgrams
developed,'byﬁyMcLeod ($m1th, Koles«land,\McLeod, -11979) .

S,
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N

;D1stances were cal1brated aga1nst the lmage of a 10 um gr1d

With the alternate method of recordlng organelle motlon an

ocular gr1d was used hav1ng 20" lines spaced ewther 5. 00 um

-

“or 3. 13 um apart ‘The l1nes were arranged to fall across the

nerve fiber at right angles to its axis. Each tlme an

organelle crossed‘ one of the llnes the observer closed a

-~ .microswitch caus1ng a line to be drawn across a’l str1p chart

The: t1me axis on the strlp chart record was cal1brated w1th

‘a 1 Hz square wave, This method had the advantage that -

‘organelles cou]d _be followed for d1stances of up to 100 um -

by adjusting the focus sllghtly On the other hand -mot1on

’p1cture f1lm in addition. to prov1d1ng a permanent record of

'typlcal events'also captured rare events The . results ofr

e1ther of the methods allowed d1stance t1me plots to be

///"/ \\ constructed for the mot1on of 1nd1v1dual ~organelles.

¥

B trajectorIes through the axoplasm were not common

Stra1ght l1nes were f1tted to these plots by a least squares

‘ tmethod Except where noted in the text, suff1c1ent data wereff\
,gathered so .that the correlat1on coeff]crent between the
'variables (dIstance and t1me) was at least 0. 98 The slopes;‘

.of the llnes then gave mean velocitiesv for 1nd1v1dual

organelles The veloc1t1es so obta1ned represented transport

:velocities 1n the axial directﬂon of the nerve fiber. Exceptf

:
n unusual cases this value was .very close to the speed of«

the organelle , along its trajectory,‘ markedly curv1ng‘

2
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Plate 2.1. Darkfield photomicrographs of a myelinated axon
showing the appearance of organelles, within the axoplasm.
The two photographs A and B were taken at slightly different
positions of focus to demonstrate the large number, of
organelles which may be detected. In each photograph .- the
bright horizontal bands at top and bottom were caused by

‘light scattered from myetin. In A, round organelies of

various diameters may be seen (arrows), as well as axfally
oriented rod-shaped organelles of various lengths. The .very

long rod-shaped image between the arrows was caused by the -
overlapping images of two separate rods. In B the focus was
shifted slightly. Images of the two round organelles. at the
upper left., arrows in A, are still present, but organetlles

not detected in photograph A may now be seen. A small round

- organelle - is closely associated with one of the rods

{arrow). The photographs were taken after organelle motion
‘had been stopped by perfusing the viewing chamber with a
buffered -5% glutaraldehyde solution. Scale bar, 10 um. :

\ -






Plate 2.2. Photograph of six frames from -16 mm motion
picture records used in analysis of particle movements (see
Methods) . ‘Sequence. shown covers  a 10 second period at 2
second intervals. (Motion picture films were exposed at 3°
frames per second). Stationary round and rod-shaped images
are evident, as well .as _both somatopetally (arrows) and
somatofugally moving round images. Scale bar, 5 um.
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RESULTS

GENERAL OBSERVATIONS
Darkf1eld microscopy (Plates 2.1 and 2.2) revealed 1n.

all axons, 1nclud1ng the Known sensory and. motor fvbers,
three groups of organelles Particles with round images’
(d1ameter 0.2- O 5 um) or sl1ghtly elliptical ‘images (0 2-0.3
x 0.5 um), moved at about 1 um/sec in the somatopetal, or, in
the sciatic nerve;-prox1mal direction. A s1m1larly shaped
~group of organelles with 1mages 0.2-0.3 um in d1ameter mqyed
at a similar rapid rate in the oppos1te d1rectlon away from
the cell body The motion of organelles in these two groups

' was irregular in a manner that is termed saltatory '(Rebhun;vu
1972; Berlinrood ' McGee Russell and Allen, 1972), Each
particle appeared to move independently of the, others':and )
both streams of particles occupied the whole.axOplasmic
space w1th1n the 1nternodes While any given'particle might ;
he51tate in its course, and some even reverse d1rect1on for’.
a few micrometers no. particle changed 1ts d1rection of |
movement entirely Two dlfferencestwere ni ted between thes;hé¢ﬂnr
_two. groups -of organelles: the somatopetal moving group»”
contained‘ about ten times ‘as many detectable organelles as

N did the somatofugally moving group, the former group-\also
~contained the largest organelles.. ' S

.“” The third group of organelles consisted of rod shaped

bodies approximately 0. 2 -0. 3 nhr/in diameter with lengths -
rangfng i‘rom 1 to 8 um These were"'usua-lly s.tationary 1n the g

g
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axoplasm although occasionally a rod was observed with a

.saltatory motion similar to that of the round organelles

In the . following | parts ' of ‘this report these
» observations will be treated more fully. A detailed analysis
of the erratic motion of individual organelles w1ll
however, not be undertaken here; consequently the use‘of the
descriptive term saltatory requir - some Justification.-lThe-
term is applied to the rapid (i':the order of microns per
'vsecond) and irregular, or jumping, mot ion of intracellular
. particlesl that is not likely to be a‘consequence of thermal
agitation (Rebhun. 1972).‘In ’this work the discontinuous :
jumping ‘motion- was ’most obViously present 'in' aging
'preparations'(see section on status of the preparations).
However, this Kind of Jumping motion ‘also occurred in fresh
‘preparations, as shown in Figure 2 8, open c1rcles, and
Figure 2.9.  Most of the round organelles ~in  fresh

_preparations dld not show such clear saltatory motion in

,_"these the jumps were more. closely linked giVing rise to ‘an’

‘almost continuous motion which took place in what appeared'ﬂ
Q;i to be major periods of acceleration and retardation of about . |
iO.um length (Figure 214) Thus it ‘seemed that the. motion of 5

all the organelles observed in this study might reasonably
. be described as saltatory Coarse sampling i,of v_the.
2 trajectories of particles did not in general.-reveal these'

&
fluctuations in velocity (see Figure 2. 5)

. . [ e B - o
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' | - : \
STATUS OF THE PREPARATIONS }

‘ Most of the results were obtained—from observation of
:the axoplasm at ‘locations which were about 2.5 cm distant
from the cut ends of -the fiber Effects of seVer1ng the
axons on the motion of the organelles cannot be discounted;

| there obv1ously must be a marked effect close to the s1te of
nerve sect)on. It was not possible prior to the development :
of . money specialized techniques (Chapter 5) to view these
effects. very close/to the cut ends, owing to the poor
optical conditions there;'ln two_cases organelle movements
were observed 1 mm from the_ncut' end between 20 and 35
mtnutes after the cut was made The .motioﬁ of these
organelIes did not d\ffer in any detectab]e way from that
%usually observed at the center of a 5 cm.length»of sctatic
nerve. On the other hand damage at or very close to the.
pontion of nerve “being observed was 1mmed1ately apparent
the myelin became ‘wrinkled. and particle motion in the
direction of the 1ongitud1na1 axis of the: flber ceased and
'.*was replaced by_a Brownian motion. Subsequent observattgns
‘treported' in Chapter} 5) made 'possible by‘alterationshin
experimental technique have confirmed the optnion that
effects * the cut ends of the nerve fIbers were unlikely,
- wit/ﬁn the existing time and dastance constraints. to have"
had any direct 1nfluence on the behavior of the organelles)

the observation site 1n the center of the nerve segment

.- v

= The length of time that the preparattons could bet“'}

.-f considered to be 1n 8 ,steedy s{ate varted From nerve to-
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nerve. Two types QF changes were characteristic of an aging
preparation: tpe‘ number of 'organellés bassing a ‘given
diameter of the axon per unit time.décreased, and ]éter the
motion of individual organelies altered. For‘ example, a
typical preparation had a mean of 8.; paéticles/min crossing”
a givénﬂdtémeter of the axon in one focal blane during the
first houf of 6bservatioﬁ. At the end of the second hour the
number was 8.4 particles/min. Thereafter the number of
moving part1cles decllned 5.2 per mlnute at 3 hours and 1.6
per minute at 4 hours. Alterations in the mot1on. of the
particles became npticeable at later \tjmes: the péuse“
bétwegn’saltatory jumps became very long for a 1$rg¢ number
of particles. Although norma mat ion of‘_individua1 
organelles wag_observed tn some axons up to 14 hours ‘after
the nerve was removed from the anima], tﬁe‘measurements and.
‘observations in this chapter were made during the first 2 -
hours, while the preparat1bns were in the—steady stéte -

descr1bed above

MOTION OF THE ROUND ORGANELLES

'Directiohaof Motion

A

_‘ The major1ty of round organelles detectable with either'
NomarsKJ or darkfield optics moved toward the soma of the
<nerve cel] In axons: from the sciatic nerve. ventral rqpts.

- and dorsal roots d1sta1 to the dorsal root ganglion, about'

10 times as many particles moved proximally (towards _the‘ &

AR
» P
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spinal cord) as d1stally (F1gures 2.2 and 2.3). In axons
from the - dorsal ‘roots central to the dorsal root 9angl1onf
most of the part1cles moved away from the spinal cord'-and‘
toward  the gangllon. Thus, the terms somatopetal and
somatofugel.'while cumbersome, are appropriate' to .describe
the ‘directions of movement of the larger and smatler groups

. of particles.

An analysis of darkfield motion pictures representing
' continuous periods of observation of 25 minutes for each of
three sciatic nerve fibers gaye a mean value for the number
lof part1cles crossing: a diameter of the axis cylinder of
8 99 part1cles/m1n per 10 um d1ameter ﬂin the somatopetal
direction, and 0.57 particles/min per 10 um diameter in thej"
somatofugal direction (ratio approximately 16:1). -Fibers
-from! fhe' dorsal roots central to the dorsal root ganglion
conta1ned fewer moving particles. Mot1on-p1ctures of two of -
these fibers gave mean vanes of 2.47 part1cles/m1n‘
somatopetally and 0.25 part1cles/min somatqfugally for 10 um
w1dths f of axon. Here— the ratio of somatopetally to
somatofugally moving partlcles was close to 10:1. |
Velociiles ?
Figure 2.4a exemplifies the generally linear and .exlal
~ trajectory of a particle travelling in the somatopetal
ijfdlrectien in a sciatic nerve fiber .. Flgure 2. 4b- shows its

'*typlcal time course ‘of displacement in the X- directlon Thei

4
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Figure 2.2. Diagram of the 8th spinal roots and the -sciatic
nerve to show the directions in which most particles (thick
arrows) and féwest particles (fine arrows) were sgen to
move. In all cases most particles travelled somatopetally.

The ratio of the numbers of particles travelling.in the two

directions was ~at 1least 10:1 at all locations, but fewer -

moving particles were detected in the dorsal: roots central
- to the ‘dorsal root ganglion -than at the ather locations.
. DRG, dorsal root ganglion. - DR, dorsal root. VR, ventral
- root. SN,-.sciatic nerve. C R c R

Ll
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Figure 2.3. Histogram showing the numbers of particles wh1ch

. .crossed a diameter of the axis cylinder in the somatopetal
direction .(light bars) and in the somatofugal direction

(dark bars) in alternate 1 minute intervals Diameter, 9.5
~um. Sciatic nerve fiber : S -
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Figure 2.4, Details of the motion of a particle travelling
in the somatopetal direction (a,b,c and d) and of a'particle
travelling in the somatofugal direction (e,f,g, and h).
Parts a and e show the trajectory taken by each particle; in
each case the X axis represents the longitudinal axis of the

-nerve fiber, and the values of X increase in the somatopetal:

(proximal) direction. Parts b and f show (points) the X
distance travelled as a function of time; the straight lines

were fitted in the least squares sense and have slopes:

represgpting particle velocities of: b, 0.84 um/sec
(somatopetal), and f, 0.85 um/sec (somatofugal). ‘Parts °c and
g show. the velotity of, each particle as a function of
distanc®; in g the particle, travelling from higher to lower

values of X, is assigned negative values of velocity. Parts.

d and h show particle velocity as a function of time.

e

N .
N
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.velocity of the pa ticle\(Figure 2.4d) was deriVed_from the
hmeasurements of Figure 2 4b.and was from moment to moment
' qu1ter : var1ab1e.,‘7 \THe © - visible. movements- were

E character1st1cal]y 1rregu}ar, cons1st1ng of what are assumed

to be closely ]1nked‘sa14atory Jumps Th1s property of the

movement was - pla1n1y ev1dent during. observat1on and is

demonstrated more .clearly in Figure 2 42/;;ere velocaty is
expressed as a. funct1on of d1stance ra /er than time. F1gure
2 4e, f g and‘}‘h 1nd1cates that\ these“prooefties were
bas1cally s1m1lar for part1cles mov1ng in the {somatofugal

direction: The questmon was\ not pursued of whether these
sma]l‘sc;Ie variations jn VeTocity were real or were caused
by errors in measurementﬁ tneapurpose of Figure 2.4 is to
demonstrate that the motion ‘of the particles could be
describedp in terms ofl a mean velocity,of;abouf 1 um/sec.

Distance~time“ plots for tnree representatiue barticles
trevelling in the somatopetal direction are .shown in Figure
2.5a and for the somatofugal d1rect1on in Figure 2. 5b. Each
set of po1nts is fitted w1th a least squares straight line

whose slope represents the mean ve40c1ty of the part1c1e.

F1gure 2 6a is a histogram of 150 such mean velocities for

somatopetally travelling particles. Figure 276b is a similar

set of values for 50 sdmatofugélLy travelling pa%tic]esn The

means and standard,Qdeviations for these " two sets of
determinations are 0.98%0.37 um/sec and 1.32%0.49 um/sec

~ ",‘j‘

resbectively.;
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Figure 2.5. Example distance-time plots for three particles
travelling somatopetally (A) and three particles travelling
somatofugally (B). Each set of values is fitted with a
straight line whose slope describes the average velocity of
the particle. . / :
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Motion across Nodes of Ranvier

Measurements: of the velocities of organelles in the
internode of the mye]inatedinerve fiber can be extrapolated
to long distances of the axon only if the organelles are not

great]@ 1mpeded at the node of Ranvier. Observetions of

-organelles at nodes of Ranvier were very difficult ow1ng to

the 1light scattered by the edges of the myel1n.' 0bservat10n

by darkfield 'microsc0py was successful once and four

‘ preparatiohs were observed with NomarskKi optics[ Examples of

_trajectories followed by a number of'organeﬁles crossing the

S .
node in the somatopetal direction in one preparation are.

shown in Figure 2.7. The envelope of the tréjectories

. : : \ ‘ :
entering this node. followed .the shape of the nodal
constriction but particles tended toiremain centrally placed
in the axoplasm‘on leaving the node) Some particles stopped-

on entering ‘the node (filled circles, Figure- 2.8) and

' gontiﬁued their progress across the node after variable

periods of time. A pafticle occasionally remained arrested -

at the iniet of a node for several mj ufes. Other partic]es
(open circles, Figure .8) traversed the node without‘any
e

apparent h1ndrance The two curves of F1gure 2.8 demonstrate'

“that at the node as elsewhere in the axon, the motion of

any one particle appeared to be independent of that "of its

ne1ghbours The one successful experiment in observ1ng the

node_ by darkf1e1d 111um1nat1on showed that round organelleslﬁ

crossed the node somatofugally in a similar manner.
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Figure 2.7. A node of Ranvier drawn’ from motion picture film
of a sciatic nerve fiber.. The myelin is shaded. The
proximal, right hand, side of the node is the side closest-
to the spinal cord. Trajectories of particles crossing the
node in the somatopetal direction are shown; dashed lines
and arrows. The outer two trajectories represent .the
envelope of 50 particle trajectories: ‘ ' .
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Figure 2.8. The motion of two particles crossing a node of
Ranvier in the somatopeta} direction. Position of the node
indicated by horizontal lines. Filled circles - indicate the
motion of a particle which hesitated for about 10 sec on
entering the node. Open circles indicate the motion of a
- particle’ which was not impeded at the. node. In the latter
case the beginning of a saltatory jump occurred just before
the node. Note that the motjons of the two particles do not
appear to be related. A o . .
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The hesitatioh of some organelles at the entrance to
the nodal constriction caused a local decrease in the méaﬁ
velocity'of organelles. A-group of 50horganelles crossing in
the somatopetal direction .took an average oF 20.2 sec to
traverse a 10 um d1stance spann1ng the node as compared to
an /:xpected 10 sec for a s1m11ar d1stance in the internode.
This slow1ng, however would not apprec1aby affect the

transport rates over lohg stretches of axon.

MOTION OF THE ROb-SHAPED~0RGA&ELLES

The. .majortty gof rod-shaped ' or;anelles rema%ned
stationary within . the axoplasm - Extended periods of
observation and motion plcture f11ms fa11ed spec1f1ca11y to
detect any movement at the slTow 'axoplasm1c transportl rate

(approx1mately 1 mm/24 hr or 40 um/hr) Some rod- shabed

-organelles displayed a sudden axial shift in the axoplasm of

up to 10 um in e1ther direction at velocities comparab]e to,
qrj somewhat less than. those of most of » the round

organel}es These sudden- sﬁ\fts were on]y rarely fq}lowed by

any further motion. More rarely yet, ngds were seen mov1ng

with a contlnuous saltatory motion. Figure 2.9 shows the
t1me course of displacement in the somatofugal d1rect1on of
an organelle which was 0.3 um w1de and 3.5 um long. .Its
course over 15 um was taken from mot1on plcture f11m The
dashed llne of F1gure 2.9 has-a slope of 0.15 um/sec and
represents the Veloc1ty of the organe]le over. a 45 .um path

in which the details of motion couldi not be entirely
o | . .



15

,g.

k:L'lO-

TN

O

Z

</

h SF

o |,
_ / | |
O<ﬁ | R | ] I
0

20 _40 ‘ 60 ' 80
~ TIME (sec)

Figure 2.9. Motion of a rod-shaped organelle in the
- somatofugal direction. Inset is a diagram of the organelle
which was' 0.3 um wide™and 3.5 um long (scale- as on the
ordinate of the graph). The organelle moved ir a series of

saltatory jumps at an average velocity (dashed 1line) of
about 0.15 um/sec. = v . ’
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observed since the organelle moved out of and back into the

focal plane. o . o~ l "_‘;5

&

RELATIONSHIP BETWEEN. THE MOTION OF ROUND. ORGANELLES AND THE
RODS o 7 |

A very ev1dent phenomenon was - the tendency of the round

organelles to  run along the edge of stattonary rod- shapedf

organe]les. Particles. travelling 'in_ both d1rect1ons. took

paths, alongs1de the same rod. No other preferred pathways-

- were noted A part1cular1y 1nteresting sequence was obs rved

in a sciatic nerve fiber in whlch, at one locatior, |the
rod- shaped organelles were arranged;<tn a - waved, hly
s1nuso1dal pattern,. There‘-was nogevidence;that‘this‘axon
was damaged. in any way. Round organelles entering this

regiohi-‘n.'either directton fotlowed axoplasmic pathways H
match1ng the arrangement of the rods F1gure'2;10a ‘diagrams
the beg1nn1ng of a sequenoe-,1n which a rodnd organelfz |

travelling somatopetally enteredgthis region. Its curving

‘pathway ‘through the ‘axoplasm ' included the edge of a

rodJShaped.organel1e (Figore 2.10b). Within. a second or two
ot the passage of the round organe]le ‘past the rod thevrod‘-
moved rap1dly in the somatofugal direction. The Pathway
tgben by the rod and the f1nal position it aSSumed matched
exactly the pathway prev1ous]y taken by the round organel]e
(F1gure 2.10c). These observat1onsL$nchate that there is a‘\
relat1onsh1p between the positions occup1ed by. and the‘

movement pathways of, rod-shaped organe]les and the pathways -



"Figure 2.10. A diagram of a“sequence in wﬁich' a

somatopetallx ‘travelling particle entered an area of = folded
.axoplasm and proceeded to travel along the edge of a
rod-shaped organelle (B). A few seconds after the pasbSage of

the - particle the rod moved along the path prev1ously taken ‘

by the part1cle to a new stationary position as in C.

R
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| fo]lowed by round organelles. The simplest explanetien}would
- be that- some structure, or axop1asM1c track, associated with

the mechanism of organelle movement runs alqng the edge - of

- rod- shaped organelles.

+

DISCUSSION

PARTICLE TRANSPORT INEXCISED SEGMENTS'GF MATURE NERVES |
Until very recently, it was still possible to regard_i
sustaihed rapid movemenf of 1argeborganelles, eSpecielly' in
. the retrograde direction, as a process g§1ch did not eX1st
in norma] mature axons. Weiss (1969b) advocated the view
that this type of transport was a phenomenon peculiar to
immature herve cells, present on]y durxng a phase of act1ve
growth "m fibers in situ or in tissue- cultured neurohs He
'conce1ved of axonal flow as a slow .bulk" movement of . the
entire "column of axonal substance“; growing forth at a rate
’of one to several m1111meters per day, exclus1ve1¥ Sin thei
distal direction. Although he did. acknow ledge the
intra-axonal migration. ofm large - 6rgenelles: ‘such as
. mftochondrfa, 'he” mafntegned' that, except for-active 1oca1
excursions within a narrow range, they - were carr1ed along
the axon pass1ve1y and un1d1rect10na]1y w1th the current d/J

axonal flow (Weiss and P111a1 '1865) .

This view of”Aaxonal' transpor t afforded” little
recognition to the .possib1l1ty of -repid' bidirectional

m1grat1on of large organel]es _in mature axons. Although .

¢
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Weiss suggeSted'the possible presehce 'within the’ moving

-axonal column of separate channels for faster movement, and

- acknguledged the ev1dence suggesting some form of d1rect

communlcatlon between the per1phery of the nerve and its.

'cell body, he claimed that his ev1dence poswt1vely ruled out

the possxb1l1ty of twovway substance transfer 1q mature"

nerve f1bers (We1ss 1969b)" Reported observat1ons of rapid-

) particle movements in embryon1c or regenerat1ng nerve f1bers
" were con51dered to be of dublous relevance, s1nce' ‘these

f1mmature or remob1l1zed neurons are so d1fferent in state,

conslstency. _and behav1or from .the mature nerve .fxber' that™
unsubstant1ated. transferl of tonclusions -from one to the

-

other is quite unrealistic".

The. direct microscopic detection of rapid bidlrectional

- organelle movements in mature aXOns freshly isolated frbm .

adult vertebrates d1rectly challenges such a limited concept
of axonal transport The results described in this chapter,‘
and~publ1shed 1n a separate paped&lCooper and Smith, 1874),

are in géneral agreement with the Qbservat1ons repor ted 1n

several earl1er» studles (Kirkpatrick, 1971,7 McMahan and

. Kuffler, 1971; Smith, 1971; Kirkpatrick, Bray and. Palmer,

1972; Smith, 1972a,b; Kirkpatrick and Stefn, 1973; Smith,

'1973), and prov1de a more detailed " “account  of axonal

organelle ,transport under normal ‘condi tions than had

prevloUsly appeared' Subsequent stUdiest (Kirkpatrick and

~ Stern, 1975; Smith and Koles, h1976; Forman, Padjen _and

Sfggins, 1977a,b; Hammond, 1977; Hammond and Smith, 1977;

[y .
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Heslop and Howes, 1977? Smith, 1980) have strongly supported .
the results repor ted here and have shown that. a s1m1lar"
transport system is present in mature axons of a var1ety ofy

vertebrates and 1nvertebrates

<y o . Fa ~\’1

Since the preparations used —in ‘th{s and Apost other
studies oonsisted\ of 'lengths, of.'nerve 1solated from the .*
animal, itwis not certain that the results represent the'
'behavior of organelles in intact- nerve- cells: However,
several lines of ev1dence do suggest that -the - condltion - of .
the nerve fibers used in these experlments ‘was not greatl§

- different from that of.1ntact cellst

Mosy.;f the.obServations,were.made_at dtstances of the ..
order of 1000 fiber diameters from either cut end of -the |
preparat1on Fibers from the same an1mal are,KnOWnutorremaln
electrjcally intact for many hours at suchtdistances from
" the cut ends /(e .g. Hutch1nson. 1Koles 2and “Smith, . 1970);
presumably thws reflects a fa1rly normal ionic m1l1eu w1th1n-
the axoplasm. Close to the cut ends cond1t1ons must be;.
abnormal but work such as’ that- reported in’ Chapter 5
1nd1cateé that the abnormal zone is l1Kely to l1e w1th1n the.
term1nal ﬁew/'mllllmeters of the preparat1on durlng thel
pePlOd when measurements were being made It has been ‘shown <
(Lub1nska, 71956;  Johnson, ~Smith and’ Lock, 1969) 'that
vaxoplasm 1s_generally not lost from 'thef cut 'ends of the -
herve, althoughvaxoplasmais'transfered from tﬁ? terminal few;

‘hundred mipnometersuof'nerye to @ myellnéooveredoball,at"the

/V
Gn -
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end of the nerve fiber. Both the rate of movement of. the

terminal axoplasm and tneéamount shifted are small, hence it

did not-seem 1likely that this effect would appreciabty

influenoe the measurements Bu]k transfer of. axoplasm toward '

e1ther cut end would, had it ex1sted have been detected in

" the motion pictures.

Saltatory partfcle movement in 1ntact tissue-cultured
neurons of Xenopus 1aev1$ takes , p]aoe at maximal
("instantaneous" ) yeJ i
~(Berlinrood, McGee-Russell and Allen, 1972). Edstrém and
Hanson (1973a) 'givew:127 mm/day (1.5 um/sec) for the fast

somatofugal transport oftn%dioactive1y labelled proteins in

relat1ve1y intact frog neurons. More recently the ve]ocity/"

of raptd]y, somatofugdlly,. transported proteins has been
: measured in the sg1at1c ‘nerve of Xen 1aev1s g1v1ng a
va]ue of about 150 mm/day (Sm1th and Snyd erk\JSJ@) At least
60 mm/day s reported for the somatopetal transport of
similar radicactive labels (Edstrom> and Hanson, 1973b).
_Indirect measurements of the rates offmovement'of various
enzymes in isolated segments of frog sc1at1c nerve - (Partiow
et a] 1972) g1ve values vary1ng between 11 and 99 mm/day

(0.13 and°1.1 um/sec) depend1ng on the enzyme assayed . and

the direction of movgment The latter experiments were

carr1ed out over very long periods, up’ to 896 hours. ‘The.:

rates of part1cle movement obtained 1n -this- 1aboratory, and

ocities ranging-from 0.6 to 2;25'um/seo

s

in the comparable preparat1ons stud1ed by Forman PadJen and

| S1gg1ns (1977a,b}, are- very close to those g1ven in the work
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cited above. In addition, Ochs and Ranish (1970) have

produced evidence that fast ’axoplasmiq,"transport. in
X “mammalian neurons._is not dependent on the integrity\of the
‘\i7whole nerve cell. Hammond (1977), .in a direct oomparisonv of
partic]e motion in intact and sectioned amphibian axons,
concluded that the movements were essentia]]y similar.
tubinska (1975) has rev1ewed further evidence suggesting
that the - character1st1cs of axonal m1grat1on determined in
interrupted nerves are probably valid for intaot neurons.
DIRECTIONS AND VELOCITIES OF ORGANELLE:MdVEMENTS

The - observations by ]ight microsCopy of organelle

movemen}é in myelinated axonp from ch1ckens (Kirkpatrick;‘

Bray and  Palmer, 1972;¢ Kirkpatrick and Pa]mer) 1872) and

o

from humans (Kirkpatriok and Stern;‘ 1873) were. until
recently the .only .other detailed” reportsA avai]ab]e forr
direot comparison. In ‘general the findings were very
simi]ar..'Spherical particles of about 0.2-0.5 um diameter
-moved both somatopeta]ly and somatofugal]y Tﬁe veloc1ty of
these 1in chicken nerve was g1ven as 1.24+0.48 um/sec (mean
is.d.,~n=46, temperature 31°C). Rod-shaped -organel]es were
;also present in 'the‘ axop]asm and these were occas1ona1]y
seen to move There were, ~however, some notable spec1flc
differences between the results of Kirkpatrick et al and -
fhoseireborted“here. A |

In both chicken and human nerves, the majority of round

organelles were reported to’ moveﬂ in the 'somatofuga]
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dir’ec‘tionk rather than in the‘ somatopetal direcfion as
observed in this 1aboratory@\1n mamma]s “{Smith, 1972a) as
well as in amph1b1ans This apparent contradiction -persisted
for some time until Kirkpatrick and Stern (1975) C;nfirmed
that they had been mistaken in their previous interpretation
of the predohihant direction of movement (sse also Hammond

and Smith, 1977). The recent work of Férman, Padjen and

-Siggins (197f5,b) has further verified the apparent

predominance of the somatopetal movement .

Even so, the question of whether more organelles move

3

in one direction than in the other ‘has- not yet been

.conclusively resolved. The fact that a given’ optical

" technique detects//moré particles moving in a certain

direction does‘/ndf”fﬁecessarﬁﬂy mean fhat_more material is .
being transpoﬁtéd in that direction. The thresho]d' for
optical detectlon by g}ther of the techn1ques used (Nomar sk i
og darkfield opt1cs) depends largely on the d1fference in

the.refract1ve indices between the object (an organelle) and

“its surrounds, and on geomefrical factors such-: as the

el

thickness 6f ‘the obJect The diameter threshold for‘
detectab1]1ty of the organelles in nerve has been estimated
at about 0.2 um for darkfield optics (Smith, 1972a) and_it
is probably about‘thevsame f?r Nomarski optics used under
the most favorable conditions. It follows that if one _group
of Organelles, “those }moving somatofuga]ky in these

experiments, contains many organe]]gs with a size less than

| the threshold for detection and if another group,  those
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moQ?ﬁa sométopetally,' contains organelles ~whose size is

generally greater than the detection threshéld, théh more

~organelles will be observed moving somatopetéily although

the two groups may contain the- same numbers of organelles. A
similaf argument -could be used with respect to the density
or refractive index of the organelles. The results aré
uhderstanabie if one-views\thé process observed in‘the axqn

as part of a circulation of organellés Which originate at

- the soma and increase in diameter or density as they ‘mature

and - finally return toward the soma. The remaining
possibility, which still does not rule out the influence ' of
optical detectability, is that in Xenqpus there are in fact
mg;é;oEganelles moving :somatopetally thah somatofugally.
Observations on the Up}ﬁke and'somatopetal transport of a
varfety of both radioact%vely 1apé1jed; and non-labelled
prbt ins by axons would lend support'.to this idea (see

Chapter 1 and review by Schwab and Thoehenf 1877).

In qddition to §tudying the “transpobf of optically
detectable .Qrganelles, Kirkﬁétrick, Bray and Palmer (1972)
compared these moveﬁents with the migratipn of radioactiveiy
labelled proteins in chicken nerves. The fact that both

forms of tranSport responded -to certain chemical agents and

:incubation condiiiohs was taken as an gndiCation that the.

movement of the ﬁartic]es represented rapid ' axonal protein

transport. A comparison of transport velocities was

submitted as fuﬂiher support for this opinion. Comparing

their average particle velocity of 106.8 mm/day at 31°C with
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a- citéd rate of 312-360 mm/day at 37°C for rédioactively_
1ébel1ed protein transport in chickép nerve, and allowing
for an apparently ‘arbitrary increase in 9elo¢ity at the
higher temperature, the authors judged the two rates to be
. similar, énd ihterﬁreted fhis similarity as additional
,evidenée for the identity of particle and protein transport.
However , this‘ judgment seems highly questiqnab]e: if the
stated velocities had in fact character}zéd the same proces§
'at‘31 and 37°C, calculation of the Qg (Prosser, 1873) would
haVe resulted in. an exqeptionaliy high wvalue somewhere
between 6.0 and 7.6. Several Q4q detefminations have been
reported in the 1iterature, and range from 1.0 to 2.6 for
.radioacfive protein transport (Lubifska, 1975) and from 2.5
to 3.5 for particle t;ansport (Forman,'Padjeh and Siggins,

1977b) .

Similaf]y with human "nerve, Kirkpatrick and Stern
(1973) stated that most Eécordéd particle speeds Were about
3 mm/hour, It is not’ clear gow they‘arrived/ﬁt this high a
fidune, sinceﬁz13 of the"14 ‘velocity measurements they
repor ted were in thquqnge from 1.2 to 2.8 mm/hour » Again a
difference in tempehatdre of 6°C (37-31'C) was proposed to
account for anywhere from a 4- to 8-fold difference in
velocity, depending on the specifié assumptions made. Yet
the claim was  repeated thaf. {Le observed organelle
velocities fell “well within the ' range" of velocities
dgte%mined for Eadioactive proteins, and that the optical

. . FO
detection method "accurately duplicates results from other
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experimental methods".

While some relationship no doubt exists betweeﬁ the
“transport of large - particles and protein ‘t}anstrt,‘"
available evidence hés always indicated that the
relationship  is neither simple nor comS]ete. It is still -
premature to cénclude ~that "the rapid movement of
intra-axoné] particles seen wi th Nomarski microscopy must
represent rapid axoplasmic flow" (Kirkpatrick, ‘Bray and
Palmer, 1972). Even if legitimately similar velocities had
been reporfed by Kirkpathick and éssociages. the comparison
would still have keen quésti?nablé‘ 5ecau§e Fhey were

13

unwittingly comparing somatopetal velocities for barticle

transpdrt to somatofugallvelocitiés for EadioactiVe pr}gjn
transport. The.results reported in this chapter §uggesf{£hat
there may be a difference between mean pérticlevve]ocities
in the th directions, a§ is generally thought to' be the
case with protein transport (Heslop, 1975). ‘However, the

difficulties involved in reaching a definite conclusion are

discussed in Chapter 3.

‘fhere" was no indication in the present work of
consistent organelle movement at a distinct slower velocity,
Kirkpatrick, Bfay“ and é;lmer_ (1972); on tﬁe other hand,
claimed to HaQe ‘detected a second class of particle
movemgnté cqrreéponding to ESIOW"'axQnal‘¥low. These slow
movement s were said to range from 50 to 100 um/hour: (1.2 to

2.4 mm/day), and were supposedly revealed in motion pictures
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photogra&hed at 12 frames per minute Direét evidence of
material b ing transported in this veloc1ty range would be
of cons1dérable s1gn1f1cance for the study of slow axonal
flow. It might be surprising however to f1nd such evidence

in' segments. of axons surgically separated from their cell
i . ’

bodies, when 'slow transport is common ly thought to be-

dependent ' upon continuity between ~the axon and its

functioning soma (Jeffrey and Austin, 1873). . No other

workers have reported slou particle movement despite the
fact that some of the procedures employed should .haJe been
appropriate to .reveal such movements.” Even the original
authors fa1led to make any further ment1on of s Tow movements
in the1r subsequent reports ‘It may be pertwnent that Heslop
and Howes (1977), who spec1f1cally attempted to detect slow

movement of part1cles in 1nsect axons, were not successful

-

using intact fibers, but did observe a slow flow of.

organelles 1n deter1orat1ng preparat1ons It -seems likely
therefore that the original observat1ons _wered artifactual,
due either to ut1l1z1ng axons in less than optimal
cond1t1on or result1ng from‘ the d1ff1culty of obtaln1ng

~acceptable. photograph1c images under borderl1ne, optlcal

conditions.(
NATURE OF THE DPTICALLY DETECTABLE ORGANELLES /

The paper by Matsumoto 1n 1920 is remarkable in that at
that early date he identified, by means of: vital sta1n1ng,

several classes of intra-axonal organelles ° in

e
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tissue-cultured sympathetic neurodb He detected rod-shaped
and granular mltochondrwa by sta1n1ng with Janus black, and ,
_descr1bed a group of granules and some vacuoles that stained
with neutral red - The mitochondria showed 2 “moderate
degree” of movement while the granules which took up neutral
red * showed "considerableA movement,:l'especially' in a
]ongitudinal direction". In recent years it has been assumed
by most wcrkegy that the bpticafiy detectable rod-shaped
organelles in axons are mitochdndria."This essumption is v
well subported by . the long, ax1ally oriented profiles of
.ﬁﬁtochondrla that are seen- ‘by electron mxcroscopy in thin
sections of axons, and by the studies of mi tochondrial
shapes in some vertebrate nervee (Blume and Scharf, 1964) .
The nature of the round oro“nelles is much more uncerta1n
From Matsumoto S work one can assume that in embryon1c
sympathet1c ,nerves this group is composed of m1tochondr1a
\(granules which stain with Janus black) ’ and _granules dand
vacoules which stain with neutral red. It has been suggested
‘that a large proportion of the round organel]es seen in
motion in adult Xenopus axons are mitochondria (Smith, 1971,
1972a,c, 1973). Kirkpatrick and assoeietes. in their papersv
on particle movement \?n chicken and human . nerve
(K1rkpatr1ck -Bray and Palmer, 18Y2; Kirkpatrick and Stern,
J1973, K1rkpatr1ck and Stern, 1975), imply that the round
organelles are something entirely different - than
mitochondria. In one paper (Kirkpatrick and Stern, 1975);‘

the definitive claim is made that *The identity of the
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particles seen by Nomanskl' microscopy was established by
electron microscopy...spheres greater than 0.2 u_in diameter
being moved through the axon...are identified as vesicles of
smooth endoplasmic reticuluh", No further explénalioh was
given. ) '

The compliete identification of the movihg obganelles
seeh ~in axons under the light microscope will require more
tﬁan a casual inspection of electron - micrographs of
comparable axonal sections. Two ﬁew approaches haveérecedtly
been reported. Breuer et al (1975) have -singled out a
specific moving pa;ticle, and Kept -track of it.from fixation
under the light microscope throughdut the sfages involed in
the preparation of the corresponding eleetron microgeaphe.
Heslop and Howes (1977) have'done'the same with a specific
region of axon. A‘second approach has been developed in this
laboratory. Fresh axons are dently constri&ted or crushed in

a solution which does not disrupt the transport process near

the interrgption' The mov1ng panticles accumulate on both

sides of the obstruct1on in concentrations much higher than f

are normally available for analysis. An 1mportant advantage

of this techniqde ls that the electron mlcrographs prepared

- from these reglons may also be used to study the transported

organelles which are too small or too scarce to be detected
by other methods. This aspect 1is considered further in

Chapter 5. In'all, it seems reasonable to concludeJat this

stage that the rod- shaped organelles are mitochondria, wh1le'

the group of round organelles is heterogeneous, conta1n1ng
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unknown proportions of mitochondria. unidenfified vesicles
and other bodjés. | '
MECHANISMSlUNDERLYING THE MOVEMENT |

Ihé'purpose of the present work is not to deél in depth
withf'the cbmplex problem of the mechanisms under lying the
- transport process. This subject has been discussed (Cooper

and Smith, - 1874) and. there iélwconSiderable evidence

supporting ﬁﬁe involvement of ‘microtubules ~(Hammond and
smith, 1977). " |



CHAPTER 3 ‘
' VARIABILITY IN ORGANELLE TRANSPORT :

e

3

INTRODUCT 10N -

"In Chapter‘2'§he directiy observable characteristics of
organélle hovements along axons were described. The study of
_ axonal 'transpoﬁt- by the optical method offers a potential
meaﬁs of investigating the undérfying mechaniéﬁs at thé‘v
'“level of the individual element of transported material.
Preparat1ons which are stable iA vitro for at least 8 hours
have allowed the 1n1t1at1on of pharmaco]og1ca1 stud1es
directed at.an understanding of the _transport mechanism
(Hammond and Smith, 1877). This type of inVestigation,‘ahong
6thers. is st?l]zﬁampered by a lack ofAsuffﬁcigntly detailed
descriptions " of the normal phénomenon. Oné particularly
awKwérd~feature of retrbgréde particle transport in ndrmal
axons is an apparently large variation between axons in the
average veloCIty at which the part1c1es move, and jn Ytﬁe
amount of detectable mov1ng material. While th1s var1ab111ty '
has been noted in earlief reports (Smith and Koles, 1976,
. Hammond and  Smith, 1977);A no quantitative statistical
studigs‘have been carried out 'tb estimate the extent to
_which the variability is significant, or tg apportion the

total variability between the various contributing sources.

This chapter presents the results of an ainvestfgation

into _differences between' axons from Xenopus laevis in the

102
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.mean velocity Qf»somatopetal'particle transport and in the

4

numbers of deteetable partic}es which‘undergo transpOrt. The

results demonstrate a s1gn1f1cant difference 17 these

measures between - axons w1th1n 1nd1v1dua1 an1ma]s, but . only'“

: insigm’ficant di fferences between - Qhe animals themse]ves

The substant1al d1fferences 1n the average values from axqﬁ{

to axon were accompan1ed by proport1onal d1fferences in the

.- standard deviations, . resu1t1ng in a stable = and

.characteristic coefricient of variation. Variation in the
quantity of particulate‘ﬁmaterial transported by djfferent
axons was associated exclusively wiih differences in the:

. 4

spatial density .of the partieles. and was not correlated

- with either mean particlie velocity or with axon size.

METHODS

. Large diameter (13-22‘ um) erlinated' axons - were

iselated’ at- the center of lengths of- sciatic nerve taken

from female Xenopus laevis, using the general procedures

descrfbed in Chapter 2..To isolate up to four single axons

from'the same animal, the sciatic nerves from both legs were
split longitudinally into two separate bundles. The nerves
were disseeted. stored and observed in a saline solution of
composition “(mM)  NaCl, 112.03 KC1, 3.0; MgCl,, 1.6; CaCl,,
3.0; Na2HP04. 2 6; NaH2P04, 0. 45; glucose 5, 0 The solut1on

was gassed with oxygen before use. : S /

1

L

‘Particle velocity. was determined) by d1v1d1ng the

distance trave]led by a part1cle in the axial direction of

/

iN
N

~
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the nerve fiber by the time,taken to travellthat'distance; A
" permanent record of times and distances uas;built up by .
activatlng the pen of”a‘strip chart,aecorder‘as the particle'

image ‘crossed successive lines on an. ocular grld.'hll

records in which the image c:ossed fewer - than fourl grid
lines before _be}ng lost from view were rejected. At the
magnitication ’used, _the minimum A“distance over which
,velocities were measured was 11.7 um. *The correspondéhce
between measurements obta1ned 1n this way and those obta1ned,
by a<completely obJect1ve opt1cal method has’ been documented_

(Smith and Koles, 1976). The correlation coeff1c1ent of 0.98

‘or greater commonly found between the variable? of distance
and . time measured in this manner (Chapter 2)v-further

supports .the use of,this‘direct method. The mean particle
veloc1ty' for “the individual axons Was' calculated byv

o
averag1ng the veloc1t1es of 50 oonsecut1ve part1cles in each

axon.

Q

To obtain a measure c'of the amount of x.visible
oartiCUlate lmaterial ‘moving withln the axons, the times at
-which all}detectable.panticles crossed a diameterv of _the»

* axon  were recorded on a strip chart_recorder;~lhe mean time
- 1nten\al between part1cles was calculated from the strip'.
chart \F cord. Axon diameters were measured w1th the ocular. {

grid at }he locat1ons where the observations were made.

@

;\\\’t/;;/Following the - observation of_-éaéh . axon, ambient
émperature was measured in the -air near thé microscope

[
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“stage. A.-'separate " series of measurements | (Smith}

.7 105

unpublished) shOWed that the temperature in the - saline in
l

the observation chamber was w1th1n 0. 5 C of the ambient’
htemperature and that the saline temperature,in the path of
light from the dark field condenser. remained w1th1n 0.2°C of

that outside of the light path, as long' as the heat filters

H

\\

obsep ation chamber w1th immersion- 01l : vwﬂ\

The particle veloc1t1es and the - quantities of

f detectable material transported were both examined using a
" nested analy%1s of variance (Sokatl and Rohlf 1969) _ random
effects mode] The spe01fic ver51on employed was the dezggn

CRH- 3(12) given by KlPK (1968) “with axons nested within

" animals.

RESULTS

- PARTICLE VELOCITIES
The vel001t1es of 50 particles were measured for each
of 22 axons from seven animals at room temperaﬁﬁres- that

ranged from 22.0 to 23 1° C. The overall mean veloc1ty of all

- 1100 somatopeta mov1ng particles was 0. 85.um/sec (Figure
3. 1), and the mea el001ties for the ind1v1dual axons )
lranged from 0. 57 to 1, 23,um/sec Figure 3.2 represents thei

complete sef' of results as the mean- particle velocity for\\

\‘J

i

were in Place and the obJective lens: was coupled to thé. ~

- each -axon surrounded by a 95% confidence interval “for‘~the o

,‘mean - The figure clearly demonstrates that within indiv1dual

R

&

N

v
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Figure 3.1. Distribution of average velocities of 1,100
somatopetally moving particles in sciatic nerve fibers of

Xenopus laevis. Based on pooled samples of 50 particle

velocities from ‘each of 22 axons in 7 animals. Mean and

standard deviation- of distribution are indicated above

histogram. ‘ g
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B ) ™ ' .
"Figure 3.2. Mean velocitiesquith\QS% confidence intervals,

for the means, for somatopetally moving particles in
individual axons. Fifty particle velocities were measured in
each of two, three or four sciatic nerve axons of seven
Xenopus laevis. Horizontal 1lines represent the average of
the mean velocities obtained from each animal.

® -
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<% animals a statistically significant difference in mean
particle velocity could be found between some axons.
' Howevef{ only a limited wvariation appeared between the

..averaged values for each animal.

The results obtained from animals 1 to 3 of Figure 3.2,
each of which contained sagples from four axons, were
subjected .to an analysis of variance (Table 3.1). This
analysis confirmed the impression given by Figure 3.2 in
that the mean particle velocity between some axons differed
significantly (P<0.01) while there was no significant

~difference (P>0.05) between animals. The proportion of the
total wvarjance attributable to each of the experiment§1
components was calculated. Differences between the
velocities of the individUal,particles accounted fo?_73% of
the overall variance while 27% was associated with
differences betweeﬁ }individual axons; there was no .

detectable component between animals.

IlTlustrations of the extent to which the velocities of
~individual particles within single axons may vary have been
given in‘Cther’reports (Cooper and Smith, 1974; Eorman;
Padjen ‘and Siggins, 1977a,b) and are essehtially in
agreement'with the resultsvgiven here. Figuré 3.3, a’owever,
besides demonstrating othe distribution of barticle
‘velocities in each of three‘féxons for which the mean

particles velocities were significantly different (P<0.01),

also suggests that the variation in particle Yelocities
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Table 3.1. Analysis of variance summary table for average
: velocities of somatopetally moving particles in
sciatic nerve fibers of Xenopus laevis. Symbolsi

df, degrees of freedom; SS, sum of squares:; MS,
mean square; F, ratio of mean squares.

T T T T T T T S T T T T Tt r et r c e, rde e a e r e e, — . - --——-———

__..__---_—-..-—_—__-__—------------_-—_--_--..-__—---——_--——-.

between groups . » -
(between animals) 2 2.85 1.43 - 0.60. n.s.

between subgroups within

groups (between axons - / S
within animals) : 8 21.39 2.38 /19.22 p<0.01
within subgroups . _ ' B
(within axons) 588 72.73 0.12 -

total - 599  96.97

Variance components Proportion Percent

_..—-_—-..-—-—-.-—__-__-_—----——__----—____-_--_—-_--_—..-—_---.

within axons | )
(between particles) 0.12 " 73%

between éxons within . . .
animals : . ' 0.05 ‘ : 27%

between animals 0.00 ' , "?_ﬂ/ 0%

__—-_—-—-_--..-..-._—-_-——-_----—-——_-—_-.._--__—----—--——_-—--—
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Figure 3.3. Distributions of particle velocities (n = 50) in_
each of three axons with significantly different mean
velocities (P<0.01). Mean and standard deviation (fine
lines), and 99% confidence intervals (heavy 1line), are
“indicated~ above each histogram. The increase in mean
velocity in distributions A through C was accompanied by an
increase in the variability between individual particle
velocities’ (See also Figure 3.4). ’
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increased with the mean particle velocity. Figure 3.4 shows
a plot of the standard deviation (S) of each of the 22
samples of particTe' velocities against the corresponding

mean velocity (V). These data points: were fitted by the

leasts squares regression line S = 0.34V + 0.06 with r

0.84. o v

. NUMBERS OF PARTICLES
ATong with particle velocities, the second feature ‘of
the transpoF?_system which is most promin%ht;Under the light
microscobe is theﬁrate at which the 'pa?&icles appear, or
’pass any pébticular cross section of the axon. This "traffic
density" can be measured and quaq}ified'either as a couht of

partic]es per unit time, or as its reciprocal, the mean time

elapsed between particles.

Time intervals between the érrivaj of consecutive
particles at a cross sethon of the axon were recorded for a
pebidd of 5 mihUtés for each of the 22 axons which were QSed
for fhe velocity measurements described above. The results
“ were very similar to those obtained for particle velocities.
'Statisticallyosigni%icant differences again appeared between
individual axons in several of the animals (Figure 3.5):
while fhe variation between the averaged value for each
animal~remained'%small. The mean time intervals between
particles, measuréd,in individual axons, ranged from 13.4 to‘ﬁ
2.8 seconds,rcbrresponding to 4.5 to 21.3 pahticles per

minute. The ovgréll average time between particles was 7.9
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Figure 3.4. Standard deviation (S) against mean velocity (V)
in each of 22 axons at room temperature. Points fitted by
legsg4squares linear regression line S = 0.34V + 0.06 with r
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Figure 3.5. Mean time intervals between the arrival of
particles at a given diameter of the axon,  with 95%
confidence intervals for the means, for -somatopetally moving
particles in individual axons. Horizontal lines represent
the average of the mean times obtained from each animal. In
one of the 22 experiments (broKen lines), there was reason.
- to suspect that the axon had suffered accidental damage.



seconds, representing 7.6 particles per minute.

The results of an analySis of variance based upon the
numbers of particles per minute in the'éxOns of animals 1 to
3 are summarized in Table 3.2. Within individual animals
there was a significant (P<0.01) difference between some -
, axons,l while the differeuCes between animals were not

1significant (P>0.05). The ldrgéct component pf; the total
‘variance, 55%, was fcund wilhin axons betueen the totatl
‘nUmbers of part1cles counted in the respective 1 minute
periods. . A - second ma jor componenf represéhting 39% of the
total,,was associcied with the differences. between~ axons
‘within animals. Only 6% was found to be aSSOClated with the

respective animals.

CORRELATIONS BETWEEN VARIABLES '. ¢

The possibilities of correlations existing between
certain combinations of mean particle velocities, mean’
 number of particles per minute, axonal diameters and areas,
and 'temperatUEe were of intereéi for ‘reasons described in
the D1scusswon All the calculated correlat1on coefficients .

were small however - and none was stat1st1cally s1gn1f1cant

(P50.05).

. The. results were also examined for the presence of t1me‘
’ related‘ﬁeffects wh1ch could have ocCUrred in the ser1al
~1solat1on of up to four axons from one an1mal There was no

: ev1dence ' that the ‘duration of incubation of nerve bundles
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YTable 3.2. Analysis of variance summary table for numbers
of somatopetally moving particles- per minute in
sciatic nerve fibers of Xenopus laevis. Symbols
as for Table 3.1.

Source of variation df  SS MS Fovss
between‘groups o o -
(between animals) 2 118.63 59.32% 1.50 n.s.
between subgroups within .. ,

.groups’ (between axons ,
within animals) 9\ 356.75 39.64 4.58 p<0.01
within subgroups = ~ o
(within axons) . 48 415.60 - 8.66

~ ) o - -
total - .. 59 890.98
Var1ance components Proportion Percent
.......... f--- cmenee D O
within axons c
(between minutes) - - 8.66 ’ 55%
between axons within ' L :

" ahimals _ 6.20 38%
between animals - o | 0.98- | 6% :

- T o o W G an T e oy e M me b W G m W M e SR M e e TE R e S Gm e SR W W Gh R W W N G M Gk e 4h  em em e En a W e W s AR S e
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(up to 12 hours) had any effect on the results.

>

DISCUSSION

SOURCES OF VARIABiLITY} B _
| A complete account of axonal ofganel]e .transpgrf
involves descriptions and cohpariQOns at several levels,i“
each of which. is accompanied by its own characteristic
| degree of variability. Variationlis present“in the movement
of each individual particle from cne moment to thé:?f?t'
~between the different part1cle in any g{ven axon, beﬁween
the dxfferent axons in a ::CEB\nerve or animal, between
different animals of the “Same species in _eimilar or
>different' enQironmental and vphysiological conditions, and
betWeen'different species or eclasses of‘ organisms, The
magnitude of these variations can differ greatly, but their
‘eomparative importénce has not previously ‘been ‘studied in
detail. Objeétive statistical estimates have been emp loyed
©in the present analysis to separate sources of variation
into these which .ere’ inconsequential and into those with
" important consequences for the deS1gn and 1nterpretat1on of

.exper1ments on partlcle transport in axons.

VARIATION ASSOCIATED WITH INDIVIDUAL PARTICLES
It is immegiately obvious underﬂthe fight microscope.

Y .
Epat the velocity of individual particles 'varies
considerably from moment' to moment,:“bef these movement

patterns are too complex to be quantified directly. They
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must be recorded in a permanent form ahd, due fo the detail
involved, are more appropriafely analyzed by semi-automatic
and computer based methods (e.g. Forman, Padjen and Siggins,_
) {977a). This type of stratcgy constitutes an approach beyond

the scope of the present work.

The most basic directly measurable characteristic of |
-~ movement is the average velocify cf a particufcr particle
~ over a representative distance. Analysis of variance. showed
that the cifférehces between fhe average veiocities of
individual partic]es'within axons was the major sourcé of
variation in the categories sampled, accounting for 73% of
the total variatfon. This source might be expected to be
_ largé, cince the'velocigy/distributions typida]ly covered an |
approximately 10-fold range, roughly from 0.2 um/sec to ‘2.0
um/sec. A furtheﬁ\consequence of the broad distributions is
the high vald?s of the coefficients of variation (mean c.v.
= 0.4, s.e.m. = 0.01, n = 22). In practical terms this means
that the standard déviation accompanying any estimate of the
mean velocity will regularly be almost cne‘half_o% the value
‘of the mean, making it necessary to measure the. velocities
of a sample of anywhere from 20 to 50 cr more differcnt,
particles in ordcr to establish a reasonably Oreﬁ'able
estimate of mean velocity for any'given axon. Because of
this chaﬁacteristic, the higher the mean velocity of a
samplé of particles, the ﬁore.Uncertainty thére isvinvolved

in the estimation of the mean velocity of the population.
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The analysis of variance based uoon the numbers of
somatopetally moving parttcles per'minute indicated that the
ma jor source of variability in this property,~55% of the 
total, was found within the indiﬁidgai‘exons. It is evident
from these results 'that the ntransportf process 1is
' characterized by a sUbstanttalsvariability within-individual
axons’ in Vboth mean  particle velooity and in‘amount of
visible particu]ate materiet trqnsported per uni}vtime. The
impor tance ;of this soorce of'vartability has just.recently,.
begun to be recognized, in both mature exons' (Smith ané
Koles, 1876; Forman, Padjehi‘and,Siogins, 1877a,b) and in
“embryonic cultured axons (Breuer et al, 1975).
\VARIATION.BETWEEN AXONS" _ y

_'While the variability inherent in the'transport system
within . individual axons has been recogn1zed in the
:]iterature. the differences existing betWeen 1ndiVidoa1
axone has not been genera]]y apprectated On the contrary,
the veloc1ty d1str1but1on. average veloc1ty and . other
statistical parameters esttmated by comb1n1ng measurements
from several part1cles in a glven sing]e"axon‘-have peen
icons1dered to be the same as,} or  similar to”those in
d1fferent axons studied at the» same tempereture _(Forman,
Padjen and Siggins,- 1975a b, 1977a) . The sub3ect1vely less'

conspicuous nature of the lnter axonal variab1l1ty, “combined .

rfWIth the diff1cu1t1es which have to be overcome ‘in order to

obtain stat1stically reliab]e data; are largely reSpons1bJet'

- »7\




for the failure - to recogniZe' this source of 'vargat1on
Figdres‘ 3.2 and 3.5 1llustrate how ea51ly 51mllar _méap
- velocities or particle counts could arise by chance “in_ a’

‘random sample of a small number of axons. ] A

To .date, only Smith and Koles (1876) have acknowledged

the apprec1able magn1tude,of the 1nter axonal. varnat1on in .
mean partlcle veloc1t1es This result has been‘confjrmedTand -
"quantified by ‘the - present statist1cal .analysjsiv 'which‘
o employed ‘a. much more extens1ve and representative:sampllng‘
_ procedure than has prev1ously been used, to prov1de a
quant1tat1ve estimate of th; vVar1at1on between d1fferent
.axons. “.Th1s investigation . ".has demonstrated B that
stat1st1call)‘ s1gmf1cant d1fferences in both mean partlcle
uveloc1t1es and in numbers af part1cles transported per unit
time ex1st between d1fferent 1nd1v1dual axons, 1rrespective
"of whether the axons belong to .the‘ same - or different

animals. These d1fferences wh1ch ranged Up to 54% and 79%

respect1vely, were responSIble for 27% and 39% of the total
. s

St

variance in the samples .

CIt s clear’ from th19 adaly51s that the d1fferences
-}between 1nd1v1dual axons must be taken: 1nto con51derat10n 1n'
both the des1gn and the 1nterpretat1on of exper1ments on-
axonal particle transport It has been common pract1ce to
COmb1ne a relat1vely small number of veloc1ty measurements
from each of several d1fferent axons in order to bu1ld up a ,:

large collect1ve distr1but1on wh)ch was usually‘used fopf

J
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the calculation of mean velocity and other sgatistiés. It is
ev1dent now that such distributions may be expected to
comb1ne measurements from heterogeneous ,‘rather than
homogeneous populations of partic]es. and are therefore

appropr1ate only in situations. where a generalization'is

-—
- N -

reqUired to represent the overall behav1or of part1cles in a

group'of 1nd1v1dua] fibers, as in a whole nerve

It is wundesirable to use the composite distributions
obtained in this manner as a basis for hcomparison' of
fpartic1e velocities or cdunts under different expertmental'
conditions. The effects of-the experimental v;riables are
likely tO'Be confused with fnherent differences between the
axons involved. Ideally,. experimental effects' should be
studied within individualu axons However the,techninal
d1ff1cu]t1es 1nvo]ved 1n us1n901nd1v1dual axons as their own
' contro]s may. be proh1b1t1ve or requ1re further development
(see Chapter 4) Where th1s aﬁsFEEEh is not feasible, it s
important to m1n1mf2e the ‘sampling error involued dy
ino]uding as many a;ons as possibie in each category.’
'Factors considened under the :fotlowtng headings are aiso_-

relevant to the effort to reduce sampling error.

" The constant magnftude of the coefficient of variation
in different axons wfth a wide'range of mean veloctties has
- been documented by Forman Padjen and Sigg1ns (1877b) and by
Smtth wand Cooper (1979) by expos1ng the axons to d1fferent'

temperatures to raise or lowers the Veloc1t1es of the
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“pafticles. However it has been demonsiratéd byr this series
6f experiments that the same relationship holds at a single

temperature; when the differences in partic1e velocities are

solely the result of the natural bio]ogical!§ariation of the

transport system.

The findings sﬁggest that the ihdividua] particle
velocities Nincrease proportionatejy with-the\mean vélqcity,
and this 1implies_ that some geniéral factor operates
proportionately on all the particles tb determine'their
velocities. As velocity increases, tﬁis could be either a
-generé{\vjncrease in the driving f?g§§ or a general decrease
in the resistance to movement. Whafeéer specific factors are
involved, fhey must Pe of such a ﬁature that their fimal
efféct acts as a multiplier of nééch particle’;ﬂ previoﬁs

velocityf
VARIATION BETWEEN ANIMALS

Before this project was undertaken, the uncertainty
surrounding the degree /of variation between different
. animals wasi similar to that concerning the variability
between different axons; it was not great enough to be
obvious, but neither was there any evidénce that it was not

sufficiént to appreciably infiuence experimental results.

In the anaiysis of variance based upon somatopetal
particle velocities (Table 3.1) it was found that no}

detectable variability was attributable to the different
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animals in‘the sample. In the analysis based upon numbers of
particles per minute (Table 3.2), only 6% of the total
variance was associated with the differences between the
individual animals. Neither of these components was
‘statisttcally sionificant. Therefore, ~in experiments
involving comperisone across both axons and animals, in
.order to achieve the best estimatee of population
parameters, it is important to work with samples cohsisting
of a large number of particles per axon, and a relatively
large number of axons, but not necessarily a large number of

animals.

CORRELATIONS BETWEEN VARIABLES

The correilation coefficients-. between numberA .of
particles per minute | and both axonal diameter and
approxihate cross sectional area were small ano not
statistically significant. There was apparently no more
vistble particulate material trensporteqvby the‘lahge.lakonS‘
than by the smé]ler ones, in the range from 13.3 to 21.9 um
outside diameter. Calculations based on the inside diameters.
and areas gave the same resuﬁts. Aithodghtthis conclusion
was further confirmed hy the study reported in the following
chapter; it ts extremely doubtful that,'this} laok‘ of

correlation_extends down to the smallest fibers.

There were also no s1gn1f1cant correlations between the
mean particle vef%c1t1es and either  axonal d1ameters or

cross sectional areas. This is in agreement with the report

/
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that the rate of 3H ‘leucine transport was ‘independent of
axonal diamefer from about 3 to 23 um (Ochs, 1972a). Because
of the complete absence of any evidence for a relationship
between the sizes of the axons and either particle
velocities or numbers per minute, no correétioﬁ factor was

applied for axon size.

The be]ationship- befween particle" velocities, the
number of particles'passing by per unit time, and the amount
of material transported pef unit time is described by the

expression:

Q¢ =D AV -

where Qt = quéntity of material transported per unit time
D = density = quantity of material per unit volume
A = cross sectiogal-abea ,
V = velocity

t

With the pﬁesént“tééhnidueélfhe particle count per.unit time
is- a direct measurement' of Qt' fhel velocity V is also
.measured directly, and ' the area A ‘may ﬂbe appfoximate]y
calculated from the measured:diameter of the axon. On the
| éssumpt;bn that fin;érnal axonal ° structure, 'including
particje density.;f; fairly consistent fhbm axon to axon, it
wopld be expeéted that différehégs'in Qt wou%d' depend upon
differences LQ: A or V. However, since both A and.V.varigd
%ndependen;ly of Q, 1it. is concluded that the spatial
density of the particles, which ’is‘diffiguﬁl to measure
‘ difectly,'must diﬁfeb qonsiderably between different axons{'

and that this variable is the,principal determinant of the
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amount of visible particulate material transported along

different axons.

The possibi?ity that the results could have been due to
a steep temperature dépendence-over a narrow range of 'room1
_temperature; was not supported by the data. An extensive
examination of the relationship - between ‘temperature and
particle velocity (Shith and Cooper, 19789) furthervsupportéd
the conclusion’ that.'a difference of +.1.C was not sufficient

to account for the variation observed.



CHAPTER 4
ORGANELLE TRANSPORT IN LOCALLY CRUSHED AXONS AT TIMES OF ONE
' DAY AND LONGER AFTER THE CRUSH '

INTRODUCT ION

| There . have been nb reports to date on the tranéport of
‘optically detéctable organellies in regeneratihg axons. The
éxisting literature on axonal transport in regenerating
nerve has been revieWed in Chapter 1 énd it was noted that
the presently avai]able'information is such that the nature
of any changes occurring in axonal transport .during
regeneration is unélear. 'Howeyer{ it was suggested there -
that the velocity of rapid transport might remafn ‘unchanged
while the cellular fequirements of regeﬁéragion could be met
7through alterations in the Kinds and amounts of materials in

transit.

~

Because of the lack of information on axonal transbort
in general, and oh organelle transport in particular, dur{ng
régéneration,. an investigation was made of the transport of
optically detectabie particles in regenerating —axons.
Additiohalv'reasons for this stddy were thg probable céntral
importance of axonal transport to  nerve regeneration (as
.discussed” in Chapter 1), and the prospect of gaining
insights.into the tranéport of large orgahelleS'by examihing
the process in cells which were definitely abnormal. The

results of the 1nvestigation support the suggestion derived

P

d
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from the 1literature; no change in organelle velocity was
detected but other aspects: of organelle transport were

altered.

METHODS _ \
Adult Xenopus laevis were anesthetized with 2%

urethane. The sciatic nerve together with its tibial and

peroneal branches was exposed and was crushed with fine

forceps at the junction of the tibial andlperoneal branches.
Care was taken not to damage the blood vessels in the region
of the crush. The length of the crushed region was about 0.5
mm. The animals were a]]owed to recover from the aﬁesthetié
in a shallow pool of water. On recovery they were returned
,to tanks of deep water at room;temperature where they swam

freely

- Observations of part1cle transport were made on the

nerves in two series of exper1ments The first set of

experiments used 17 animals The prev1ously crushed nerves
were prepared for observatlon or f11m1ng of single axons. as
described in Chapter 2. at locat1ons 1 cm from the crush.

Axons proximal to the crush were observed at 1, 2, 4, 8, 16,

32, 64, 96 and 128 days following the crush. Axons distal to

the crush were examined 1, 2, 3 and 4 days after crushing.
Motion picture records fordgetailed examination were made of
one axon proximal to the crush at  each time interval.

Particle transport was observed at comparable locations in a

number of other axons, in the process of selecting .
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preparations with. satié?actory optical conditions for

filming.

The motion picture film was used to obta]n part1cle
ve]ocities, the numbers of partlcles crossing a d1ameter of
the axon per unit time {average of three 1ndependent counts
made at léft side, center ‘and right side of field), the
number; of rgd-shaped organelles in motion during the 30
mirfute film Sequence, and the diameters of the imagés of the
particles. Image diameters were measured with a scaleA
matching the spacing on the projected image of a m1croscop1c
ca11brat1on grid. In the case of part1cle.1mages which were
sl1ghtly elongated, the lengths of the ma jor and minér axes
were averaged. A set of observat1ons of image - diameters of

latex beads with d1ameters ranging from 0.2 to 0.8 um

indicated that this method overestimates the particle

'diameter .and that -the image diameter is influenced by the

suspension medium.

The survey suggested that a larger sample of axons

should be observed. In the second set of experlments a group

of axons was teased from each crushed nerve and the

preparation was mounted- in a pool of physiological sallne

confined by a Vaseline r1ng on a microscope slide. A drop of

‘swl1cone oil " (Dow Cornwng 710) was applied over the teased

fibers and a cover slip was put over the entire preparation.

. The “surface tension at the oil4wateb interface tended to

spread the teased fibers into a monolayered mat, and also
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had theheffect of producing very good ~optics for viewing

- intra-axonal  particles -through the myelin sheath. A number

of axons from each preparetion could be observed. Using this

.. method the numbers of'particles passing'a diameter of ‘the

%iaxon per un1t time, within a focal plane were measured 1 Em_
- from the crush at postoperat1ve times of 1, 2, 4, 8, 18, 34..
84, 69 and 100 days.

~

The experimental  results were ‘compared to results
obtained from normal animals at the same season of the/zggp///‘
or with those obtained from the contralateral unoperated

Timb.

The progress, of the regenereting nerves was checked
functionally and histologically. 'Functional tests consisted
‘of observatlon* of the sw1mm1ng behav1or of the an1mal its
response to p1nch1ng the foot, and the observatlon of muscle
'contraction (or lack of contraction) on st1mulat1ng the'
proximal‘end_of the seiatic nerve when the animal was
eacrifiCed. Nerves from a separatetseries of animals with
identical lesions, and recouery times up to 24 days, were
eXamined. in teased preparat1ons which had been stained w1th'
a silver stain (Winkelmann and Schmit, 1957). Regenerating
axons were also examineo .by electron microscopy in an
attempt to identifyvorganelles which were larger than thpse
in 'normalA axons. Regenerating and normal nerves were
desheathed and fixed in 3% glutaralidehyde in 0.1 M phosphate
buffer, PH 7.4, at room temperature for 2 hours. The

<

-
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i
preparations’ -were washéd in buffer, treated with 1% osmium
tetroxide in buffer, dehydrated in a series of alcohols land
takgn'via propylene oxide to Epoh. Sections were cut by Mrs.
Sita Prasaa with a diamond knife,  stained with uranyl
acetate and lead citrate, and examined with a Zeiss 9A

electron microscope.

RESULTS

ASSESSMENT OF REGENERATION | e
Microscopic examination of axohs”teased_from the silver

stajnedv'nerves at 1-24_¢ays after crushing indicated that
the‘;xoplasm initially receded about 0.4-0.5 mm proximally
from the edge. of the abglied ¢rush. Individual axons varied
considerably 5n the rapidity of their response to ‘injury;
but. ;fter'-only 24 hours, apprbximate]y one thfrq of the

fibers exhibited clearly developed growth cones.- Since the

new sprouts originated at different times and at different

-di;tances “from the crush zone, and grew at. somewhat
different rates, emphasis was. placed ‘for descriptive
purpoées upon the fibers showing the_' most advanced
developmenf; 'The 'maximum lengfh of the t day sprouts was
0.35 mm, so that those whose origins had receded least had

Jjust reached:thé proximald edge of.the crush zone.

Y

By 2 days, bhalf or m?re of the axons examined had
prodUced sprouts. Their averadé length was 1.2 mm, so that

some of the more Vigquu5~fibers had grown qompietely'across’

g
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the half millimeter crush zone and had entered the distal

stump. In the axons which had regenerated for longer
periods, _the amount of stained mater1a1h;present made
1nd1v1dua1 details more difficult to distinguish. It was
evident, however, that a large proportion of the fibers

continued to grow into the distal pdrtiqq'of iheAnerve, at a

4

rate in the vicinity of 1 mm/day.

Functionai indications, 1ncludingvispontaheou; use of
the operefed (limbs by thek recovering animals, ; reflex
‘ Fesponses to .senSOry' stimuli, and muscular twitching on
stimulation of*_the‘ proximal end of. the nerve _during
dissection, werec in agfeement with the"ﬁorphologjca]
obsegvatiens. All indicated a complete loss of transmission
aftef" crush1ng. and re1nnervat10n ‘with functional motor and
. sensory recoveryAby about 2 months, cons1stent with the

»
estimated growth rate of around 1 mm/day. -

0 .
GENERAL OBSERVATIONS ON PARTICLE TRANSPORT |

~ Possibly the most striking finding was that in’ axons
. proximal to the crush, bidirectional particle tre;eport;.was'
:present at all time periods studied (1-128 days). Distal to
the crush b1d1rect1onal particle transport could be detected

for about 3 days

Despite the' large variability, . the numbers of
somatopetally mov1ng particles prox1mal to “the crush was

substantially depressed withtn the first few days after the
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operation.AThe amount of particle trafTie.inﬁboth direc%ions
recovered to at leasf normal levels by 1 week after crushing
the axen. At all .times jfolTowing thev crush the survey
experinents showed an elevated -number of rod-shaped
~organelles in motion in each direcfion.'bnring regeneration
a giass of large, rounded ‘organellee appeared in the
proximal‘Aportions of the axons; tnese.always'meved in the

somatopetal direction.

" The mean velocities of somatopetalily moving part1cles
in normal and regenerat1ng axons are compared in F1gure 4.1A
-and B. Similarly, Flgure 4, 1C and D compares somatofugal
particle velocities 1n norma] axons and regenerat1ng ‘axons.
Deta1led examination of part1cle movement revealed \ne
'd1fference between the mot1on of particles in normal axons

and their mot1on in regenerat1ng nerve.

The changes in- these characteristics of organelle

transport following a crush’ lesion to the nerve will be

TO

treated in more detail below.

ORGANELLE TRANSPORT PROXIMAL TO THE LESION | |
Numbers of ParticleslTransported ) v i

- The numb}}s of particles wh1ch _crossed a d1ameter of an_

| axon within e. focal plane are shown in Figure.-4.2A

(somatopetally moving particles) and 4.28B (somatofugaﬂly

 moving particles) over the period from 1 to 100 days after

et
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- Figure 4.1. Comparison of mean somatopetal = particle
velocities in normal (A) and regenerating (B) axons, and of
mean somatofugal particle velocities in normal (C) and
 regenerating (D) axons. Ninety-five percent confidence

“intervals for the means are also indicated. The nine .

regenerating axons were observed at successive periods- from

1 to 128 days after crushing, in the proximal portion of the
axons. The normal axons were taken from five different
-animals. S : : o
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i?ure 4.2, !ggbers/6¥ sdmatopetally (A) and somatofugally .
B)- moving -particles which crossed a diameter of the axorn

‘crushes applied at intervals from 1 to 100 days previously.
At these time periods, solid cifcles represent the ‘average

number of particles per minute during the observation period -

in individual axons, and' open circles (on ~center lines)
represent the mean for all axons “observed at each time -
“interval. The normal values (solid circles) are the averages

in. each of at Jeast five axons from the sciatic.nerve of the . -
- unoperated leg at each of the nine time intervals above; all

of. these samples were combined to determﬁne,theZOVErail mean

. for the control axons (open circles). The upper and lower
lines connect 95% confidence limits for the means. (See also

FigUre 4.3). .
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the"nervez had been crushed. Values obtained froh uncrushed
contralateral axons at 1-100 days postoperatively were
pooled and are plo;ted'at zero on tne abscissae‘as norma
values. Somatopetal.particle -traffic, while present, was
significantly depressed‘ at 1 and 2 days (P<0 001) and at 4
days (P<0.05), comoared to the control values. No
“s1gn1f1cant departures from .normal levels were observed from .
8 to 34 days, but a s1gn1f1cant 1ncrease in numbers occurred‘
at 64, 69 and 100 days (p<o.01)//?hé survey out to 128 days.
indiqated that somatopetal particle traffic continued at or
above'“a normal ‘level Somatofuga] particle traffic was
elevated (P<0.05) at 8 64 and 69 days after the crush and

_reduced (P<0.05) at 100 days

For somatopetally mov1ng part1cles the mean numbers per
un1t t1me travelling in axons on the operated (GP) and
unoperated (CTRL)  sides, were - significantly related
(P<0.025). The data points were fittedey the least squares

regression line CTRL = 0.31(0P)F+ 6.81 with r = 0.70. This

. suggested that retrograde transport is sens1t1ve to systemic

. .factors as well as to cond1t1ons w1th1n the damaged neurons.
ATh1s f1nd1ng also 1mp11es that to extract 1nformat1on wh1chm
pis of s1gn1f1cance for regeneration per se exper1mentalv
" findings in the regeneratlng axons should be expressed in
relation to comparable values from the unoperated side. ,
~ Figure 4.3 shows the mean Rumbers of somatopetally (A)} and
somatofugally (B) 'moving particles as a\percentageAOf the

‘values in the corresponding control axons.
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Figure 4.3. Changes follow1ng crush 1nJury in mean numbers‘

of  somatopetally (A) and somatofugally (B) travelling
particles in the proximal portion of "axons at successive ]
time periods, expressed in terms of ‘the mean numbers on the ——
“unoperated side of the same animal. Solid circles indicate.
statistically significant (P<0.05) departures from mean’

-~ numbers’ in sanples of axons from norma] animals (see text

- for discussion) : ' ‘
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Numbers df Rod-shaped OFganelles in Motfon

As nKted in Chapter 2, rod-sﬁaped onganelles, were
>usually ftationary in nérmal axons but some were
'occasional'y seen to be 'in continuous motion. Since 'this
Kind of moyement appeared to be more Eommon in regenerating
axons};a cﬁ:pari;on was made between 30 minute filmed
-records fr five normal nerves and the pooled résults from
similar Qiggﬁds of n1ne nerves at regeneratwon times between
1 and 128 days Normal axons showed 6.9+3.5 (mean+s d.)
rod-shaped organelles/hh moving in the somatopetal direction

. . . ) . Y
and 9.0+5.5 organe]les/hrv moving in the somatofugal

aireéfion. These values were not sfgnificant1y differeﬁt. In
the tofal set of regenerating axons 17.7+5.6 organelles/hr
moved in the somatopetal difectibn’ ‘while 36.4%17.1
organe]les/hr “moved in the somatofugal direction. These

values. are d1fferent from the correspond1ng normal values

., and from each other (P<0. 01)

Thus the conclusion that can be drawn is that following .
a crush lesion the~numbers of moving rod-shaped organelles
in the axon proximél to the cru;h is 1ncreased and the
number of such organelles moving towards the regeneratlng.
port1on of the nerve is greater than the number moving away

lthat this

from it. The filmed records gave ‘no  evidence
change"ih . transport was conf1ned to any particular time

beriod after the lesion.
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The Size of Particulate Images

The diameters of the brojected ‘images of 479
somatopefa]]y moving particles were measured in}five norma]
axons. The distributions,were.approximately normal with an
overall mean (ts.d;) of 0.4120.12 um. No image diameter
greater than 0.7 um was obServed.\A corresponding set‘of 700
measurements was taken from\nerves;which had been crushed
From”"1-wi£L‘128 days previgggly;'the mean'diameter of the
particle imaQ;;\;;E\BTZEZBT?§ um. The difference betWeen tHe
two means, although small, was statistically significant
(P<Q.00T). Avfactor qontfibuting to the difference between
the two sets bf"mean 'diameters'vwas the appearancé, in
reéenerating axons, of a set of particles with hi@age.
diameters up to 1.1 .um.” Many of these .had a distinct
microscopic appearance characterized by a highly refractile
circumference Iwith-a-dark center. This diﬁferent appéarance’
“may_have beenAan optical artifact rather than an indicétjbn
of a. qualitative difference betweeh ‘these and otﬁér,
smal]er,‘ organelles. Thé velocities and the general
characteristics of the motion qu these"org;nel]es were
consistent with;those described in _Chapter 2 for smalier
Sdmatopétaljy moving particlbsf'No very large organelle_has’

ever seen to move somatofugaliy..

Figure 4.4 shows the percentage of each sample of image
diamefers which waslgreater than 0.7 um as a function of the

time following the crush. Large organelles were present at
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Figure 4.4. Proportion of somatopetallly moving particles at
each regeneration period with image diameters beyond the
maximum size of 0.7 wum observed ih a large sample of

particles (n = 479) in normal axons. Sample size in each of

- .the regenerating axons 1is 50 particles. Dashed line:

represents hypothetical relationship between image diaMeter
and regeneration time. , ' - ST
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k3]
all times studied, except 1 day after the crush. However

the greatest numbers of large particles were present dur1ng
' that time in which most fibers had probably not made contact
with their end organs. a
In an attempt to identify the .large organelles
morphologicall&- a large number of cross sections of ‘normal
nerve and nerve which had been allowed to regenerate between
10 days ;nd 2~ weeks were examined in the electron
microscope.lln this series the largest organelles present in
normal' nerwe were’mitochondria with diameters up to 0.3 um.
Very rarely in the regeneratlng nerve,'ogganelleo/Were found

which had a lamellar membranous structure and diameters up
to 0.5.um (Plate 4.1). These organelles,will be‘referned to
‘as dense ‘lamellar bodies (DLB) in accordance Wwith Blimcke x

and Niedorf (1965a).

ORGANELLE‘TRANSPORT DISTAL}TD THE LESION

The numbers of orbanelles croesing a diameter of an
axon per wunit time were recorded at sites 1-2 cm distal to
the ﬁes1on on each of the flrst 4 days follow1ng the les1on
The results (F1gure 4.5) show that the numbers of organelles
moving in each direction declined with time.™ Somatopetally
moving ~particles were ‘present ‘4 days after thelleéion in
small numbers. Particles could be detected travelling
somatofugally (away from the lesion) at 3 days. The
Discdssion will show.that theeé results are not consistent

with the elmple assumption that an axon is a tube containing



Plate 4.1. Electron micrograph of a .large; dense lamellar
body - (DLB), about ‘0.5 um in - .diameter, next to a
mitochondrion (M) in a.cross-section of an axon examined 14
days after crushing. These organelles were .found
infrequently in the proximal portions of regenerating axons,
but were not detected in the -normal ~axons examined by

electron microscopy. Scale bar, 1 um.
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distal portions of axons (see ‘inset) from 1 to 4 days after
crushing the nerve. Two axons were studied at each time
period (open - symbols) and the two values were averaged for
each direction (solid symbols). Vertical bars represent 95%
confidence intervals for the means from experiments in which
counts over 30 minute observation periods were made .
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hoving organelles wﬁose origins are immediate}y ‘interrupted

when the axon js'damaged.

At postopehative intervals from 34 to 100 days, when it
became possible to observe transport inside the new axon
. sprouts, counts were made in a limited ﬁpmbé; of these

déveloping structures. A]fhough theis diameters (about 3-10
um) were much smaller than the established proximal pbrfions:”
of the axons, many of them contained extremely high numbers
(>40/min) of normél appearing particles moving somatopetally
'at'at least normal velocities. The numbers of somatofugally
mov;ng particles were also high, remaining close to the
usual (approximately 10:1),proportién.‘1t abégsred from this
eyidepce that the numbers of parficles being transported
proximally in the newly regenebated sprouts may be
spffici?nt‘ to accodnt for the numbers measured at more

pﬁox{mal leve]sAin the original segments of the axons.

DISCUSSION
=

THE INTERPRETATION OF REGENERATION EXPERIMENTS

. The sequence of events initiated by an axonal lesion is -
comglex and variable (Gutman et al, 1942; Grafstejn, 1975;
Duce - %nd Keen, 1976; Duce, Reeves .and .. Keen, 1976) .
Consequent]y, there is no precisely defined time at which
the immediate local responses to the injury cease and those.
processes invalved in axonal regeneration begin. It has been

‘thought that regenenat1ng sprouts form at an axonal lesion
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after a latent period of about- 2-7 days (Ramdn vy "Cajal,
1828; Gutménn et al, 1942; Lubifska, 1964). However, there
is evidence that sprouting may begin- within a few hours of
Cﬁthe damaée (Perroncito, 1907, cited by Evans and Saunders,
1967) or within 24 hours of the damage (Zelenia, Lubifska and
Gutmann, 1968; Duce and Keen, 1976; Puce, Reeves and Keen,

1976) .

In the preéent_ work, histological observation§
;ndicated that 'some crushed flbers had developed growﬁﬁ}}A
- cones 24 hours after the crush Thus, it was aésumed that ~
observations -made .at 1 . day after the crush, and
subsequenfﬁy, _represented- the behavior of regénerating
axons. Thjs conveqiently separates .acute/;gﬁgeriments on
iso]atéd Segments‘ of nerve, with ) maﬁ?mal exper iment
durations of 12 hours, from thoseﬁ/;xperlme?ts in which
nherve, which had been crushed at least 1 day ear11er was
removed from animals- for observation. Since it has beenl
‘shown (Hamﬁond,.1977) that particlev.trangﬁgrt in’ isolated"
segments of nervé is not, over a peribd ofiseveral hours,v a
d1fferent from that in "intact" neurons, then 4differences
between the controil preparations used here and crushed nerve

must be due to the regeneration process.
. . 0 )

Since the present evidence indicates that the onset of
regeneration is not simuTtaneous in all a}onsh then t must
be expected that a'variability.additibnal to that described

in Chapter 3 will have been present in the experiments.,An
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effort was made to eltmigate inter-agpnal var1ab1l1ty by

~using the same -isolated axoh, ma1nta1ned in a spinal
- cord-nerve-muscle organ culture, for measurements‘ at’
succeseive time intervals. Unfpntunately, repeated attempts
fafAed to establish a eu]ture'preparatioh with suffictent
viability for this-approaeh,-so this work is not reported

here.

The consequence of having to use different control and
experimental axons is that small quantitative changes in
particle transport during regeneration may have been masked
be the variability due to extraneous factors. Thus wtth
respect to the mean veloc1ty of the particles, 1t can only
be lsatd that -no pronounced change appeared during
u regeneration. Small changes in partiele ve]ocity'fo]lowing

\tnjqry could have been present and have gone undetected.

DEMONSTRABLE ~ CHANGES IN PARTICLE  TRANSPORT  DURING
REGENERATION : o

While the velocity at which particles moved showed

o

/’\._/ \
11ttle or no change dur1ng regeneration, $v1dence was

obtained that. the amounts of particles undergo1ng transport
QO change. The numbers of somatopeta11y moving particles
showed a sharp decrease in the axon proxi@al to a crush at 1
and 2 days after the 1esion..From about 1 Qeek "to 1 month
after crushing these numbers "returned- to approximately
" hormal levels. By 2 honths, they had risen to approximately

double " normal values, and they remained significantiy
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elevated until at least 100 days. Somatofuga1]y travelling
part1cles rose to ap;rox1mate1y twice their normal numbers
at .8, 64 and 69 days, and were lower ‘than normal at 100
days.'In both directions, particle traffic was significantWy
elevated (Figure 4.3) at about 2 months after the: 1n3ury

According to the functional tests and the h1st£loglcal

'estimate of vthe rate’ of regeneration, this time interval
corresponded to a period when a large ‘proportion of the -
axons were at the }stage of re-establishing terminal

-

connections.

These findings also indicate that the Opart1cle
transport system under normall cond1t1ons is not saturated.
It appears to have a reserve capac1ty of“at 1east about “100
percent in the proximal directipn and somewhat more in the
distal direction. There must therefore be somethIng 11m1t1ngA
the numbers of part1c{;s to their usual levels in normal
axons. Although the controlling factorkg) are not Known, the
present  evidence suggests that at least the prox1ma1“'
movement appears to.be systemicaIIY" sensitive, and JFigure
4.3 "is ‘consistent with the p0551b111ty that the distal

itraff1c may respond- to changes in the prox1ma] flow.

- The numbers of rod shaped organel]es moving . in ‘both
d1rect1ons increased dur1ng regeneratlon w1th the numbers .
mov1ng ‘towards the nerve term1nal be1ng greater than -Jheﬂ
numbers mov1ng away “from it. 'These ‘and the forego1ng”

findings are consistent with the idea that the changes -
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taking place during.regeneration are largely ones ln which
the amounts, and perhaps Kinds, of materials that are loaded
onto the transport system alter wh1le the velocity of'
transport remains relatively: unaffecteﬁ (Kreutzberg and
Schubert, 1971p; Frizell and ~Sjostrandf - 1974d; ' Grafstein,
1975;> Lubifiska, 1975; Griffin, Drachman and-Price, 1976;
Ochs;$1976).

It is possible that the class of large organelles which
appeared during redeneration represents a qualitative change

1n the type of mater1al .undergoing“ somatopetal transport.

'These organelles may be DLBs, and thiS'would be consistent

7w1th the1r presence in regenefat1ng nerve termwnals (Blumcke

and N1edorf _ 1965a)

shown that the popula ion ‘of somatopetally mov1ng organelles

in normal nerveﬂys composed largely of DLBs (Smi th, 1978)

it ls probable that the very large part1cles.' merely

represent larger or more commonly occurring. vers1ons of -

bodaes:_which are normally present . S1m1lar bodles °aﬁe

‘Rresent in  large: numbers vn abnormal nerve (Wallace Volk

and Lazarus, 1964: . Townes- Anderson and Rav1ola 1978) and

probably represent a form of lysosome

CONTINUED BIDIRECTIONAL TRANSPORT IN CRUSHED AXONS.

:>For'“ the purposesv of . th1s d1scu5510n a s1mple'
"\

hypothet1cal model of the axon as a pipe conta1n1ng mov1ng

i particles, is assumed Each parf1cle has a constant veIOC1ty

but the velocities: of “the particles are distr1buted over a

) . -

_ However, since it has recently been'p
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range as shown in Chapter 2. In this mode] it follows that
if the particle traffic is suddenly blocked at some point in
the p1pe, a change occurs in the access of part1cles to that
1‘k t1on' of the p1pe downstream of the blockage An observer ’
&tat1oned at some pp1nt downs tream Qf the,1nterrupt1oh will
see no change in ‘particle traffic until the fastest
particles at, ahd on the observer*s side of, the bloekage
have passed the 6bservation\point; Theneafter }he'observer
I_wi]l'see”progressivejy fewer particles with progreésiuely
\ s10wer velocities. The percentage of part1cles rema1n1ng at

a g1ven time is determ1ned by the d1str1but10n of velocities

of the or1glnal pOpulat1on of part1cles
Figuré 4.6 sheus' the expeCIed form of the'decline-in'
the - numbers per - unit time ef somatopetally travelfing
part1cles which pass observat1on 51tes 10, 20 and 30-mm from'
a more gistal crush At a d1stance of 10 mm from the crush -
part1c1e traff1c should have v1rtually ceaSed at 24 hours if
the assumpt1ons made - above ﬁxe ‘correct. Figure 4;2A
1nd1catesv that whiTe *particie traffie-is depressed at 24

’hcurs after the 1es1on 1t 1s nevertheless much greater than

pred1cted "r'J"A'; ) '\ . o 9

_ Similar - pred1ct1ons were made for part1c1e trafftc in

"lrthe somatofugal d1rection on. the d1sta1 side of the crush
'/Ten mitTimeters .. from. the crush there should have been no

detectable tra¥f1c by 15 hours after the Jesion was- made;

“The observationgg(Flgure 4,5) showed detectab]e_sqmatofuéal
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traffic at 3 days following the crush.

\

Since the véloCities of,particles durihg regeneration

- d{d not change detectably thgﬁ some other aspect of thé‘
assumptions must be incorrect. It may a]sog be noted that
individual particles havihg velocfties~ greater than the
normal group mean could be observed in axons distal to the
crush up to 3 days. The assuhptions woqld appear to need“
modificatioﬁ to allow for a continued source of ﬁarticulate
material. This source might be from within the axon, as by a
reversal of the direction in which particles tfaVe] ‘or by
transport of intrsceflular debris from the region of the
crush. Or, the sourqs might include extracellular material
which enters the axon at the crqshedrnerVe épding. These .

possibilities wil] be investigétedvfurther in Chapter 5.

The declining nuﬁbers of particlésnmoving somatopstally
in axons distal to the Crusﬁ (Figure.'4:5) might be.
ccns1stent w1th the slmple assumptions made above 1f the end?
organs of most of the nerve flbers:werq 5-10 cm distal to
the crush, a distinct possib%lity in sdulf ermale Xenopus .
' However, the particles seen afs3 and 4 daysfshould then have
been trayelling very slowly with VelocitiéS‘sf about 0.1-0.2
um/sec  As noted above, 'particle ve10c1t1es clbse?to 1
um/sec could be observed at least until -3 days after the
frush Th1s suggests that axon termlnals contain a pool of

organelles which may be delivere¢ to a retrqgrade transport

system.



CHAPTER 5 )
LOCAL REACTIONS AT SITES OF DAMAGE IN SINGLE AXONS
o | o 1

INTRODUCTION . j

In Chapter 4 it was Aoted that within the first few

days after a crush lesion sbmatdpetal_ particle traffic

proximal to fhe»injury, although diminished in amount, was
still preseht despite the elimination of what may be the
normal -source of such particles. The drigins of such
organelles are particularly obscure since they are present
before there< is”anyveGidence fof\the development of growth

cones in most of the regenerating axons.

- In order to propose a source for tH% somatopeta]ly
’/{;avélling organelles " at short ‘timeS"foliowing a crush
lesion, the events which occur close to the leéidn must be
Known. This chapfer will describe'work in dhich the changes-
in axonal structure and particle tranéﬁorti‘as defected by
'ﬂligbt md croscopy, have - been investigafed ‘close to 
compressibhf‘and~‘crush lesions Ain  bathing solutions qf"
various compositions. In ‘addition, a chanc§ occurﬁéﬁce is
described which indicates that particle tréffic may ‘reverse
‘diréctibﬁ at sites of minimal axonal damage. |

151
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METHODS

| Sciatic nerves Were removed from adult female Xenopus
laevis as described in Chapter 2. Dissection of single axons
was carried out under Ringer solution, in chambers
re-designed (Hammond and Smith, 1977) to permit the
isoletion and -observation of sectlons of single axons up to

several m1111meters in length.

Local'compressions in single axons were /produced. by
.arranging two intersecting fibers on the top of a smetl
removable ‘gless platform. ,Pressure’ was exerted on the
intersecting fibers by a cover glass. In this way the risk
of damage to the axon from contact with a harder material
such as th1n metal wire was avoided, and the pressure
required to constrict the fiber without crushing‘it was less,

critical.

For eXperiments 1nvolv1ng purposely crushed axons, a
metal wire approx1mate1y 50 um 1n d1ameter ‘was placed across
the isolated axon;, and progect1ng sjlghtly beyond the” edges
of the chambert A cover glass was mounted and the contact
point of the ‘wire and the - axon was observed under the
‘mlcroscope while - pressure was manually applied with,
dissecting needles to the center of, the cover glass Arter
the wire had produced a local crush in the axon 1t could be.
left . in place, repositioned or w1thdrawn The Ringen<
solut1on used during dissection could be rep]aced;_with

modi fied solut1ons in the open chamber prior to crushing, or
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by perfusion through the chamber at any time after the crush

had been made.

The solutions used in the various experiments and their
composition (mM) were as follows:
1. 'Ringer solution: NaCl, 112; KC1, 3;: CaC12, 3; MgClz,
1.6; NaH2P04. 0.45; NazHP04, 2 6; glucose, 5.
2, lIsotonic potassium chloride: KCl, 122; NaH2PO4, 0. 45
NagHPO,, 2.6; glucose, 5. _ |
3. Isotonic potassium chloride with EGTA
. (ethyleneglyqo]-bis(B-ahinoethylether)-N N’ -tetraacetic

acid, dipotassium salt): KCl, 122; NaH2PO 0.45{,

4
Na,HPO4, 2.6; glucose, 5; EGTA, 1.0.

4. Isotonic. potassium chloride with controlled calcium “and
magnesium ion cohéentratibns (fourAsolutions): a) 10-3
b) 10-4 é) 10-6mM free calcium ion concentration: KCI.
122 NaH,PC,, 0.45; Na,HPO,, 2.6; glucose, 5; d) 10-mM

free calcium ion concentration.  with. 0.03 mM free

magnesium ion concentration and 8.71 mM free ATP

7. The computed solution compositions in Table 1_0?
| Fabiato and Fabiato (19725) were consu1ted ‘to determineAq
the requ1red amounts of CaClz, EGTA, MgC12 and’ ATP
5. -Sodium glutamate. sodium glutamate, 120; HEPES buffer

3. | |
All the solutlons were gassed with oxygen before use and the

pH was adjusted to 7.3-7.4.

(disodium salt): KC1, 67.5; HEPES buffer, 25; glucose, |



s | | ' | 154

RESULTS

ORGANELLE TRANSPORT IN COMPRE%SED AXONS
The most‘satisfactory procedure for preparing a singTe
undamaged'constrictéd axon was by arranging a second axon to

cross over the first, and carefully ]ower1ng the cover glass

'until the de51red degree of compress1on was ach1eved With

-

this procedure opt1cal conditions remained favorable; and
the 1nter10r= of the axon 1mmediately adjacent to the
constriction was as clear and accessible for viewing as 'any

other location along the fiber.
Within minutes of compressing an axon in Ringer
solution, a zone began to appear next ‘to the intersecting f

fiber in which arrested organeTleéAwere’visible in elevated

~numbers (Plate 5.1). Some particlee were motionless, while

others  oscillated longitudinally and irregularﬁy over

‘distances of a”microheter or two. The region of accumulated

particﬁes ‘continued to gradually 1ncrease in length as more

organelles continued. . to arrive at the® constr1ct1on In

'Keep1ng with the- predominant deteCtable traf?ic in the

proximal direct1on, the accumulations were -more pronounced :

" on the distal s1des of the 1nterruptions. but small part1cle'

accumu]ations did ‘appear on the' proximal sides of the .

constrictions. & o

1 particles 'ooold be followed as - they:
approached tne,COnctriction andscould be. kept in:'sight as
rogress ceased. Apart. from the local increase ‘in

.
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Plate 5.1. Darkfield photomicrographs showing material
appearing at intersection of two undamaged axons compressed
against = each other. Arrows indicate distal edge of
compressed region. A few minutes after the fibers were
compressed (A), a certain amount of material had appeared
symmetrically on both sid as ‘a direct result of the
compression, and' a small @@mount of additional material had
appeared primarily on the distal side as a consequence of -
blocked axonal transport. After 1 hour (B), the steady
collection of proximally moving material had produced a
large accumulation. Magnification approximately 1000X.
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numbers of organelles, the axoplasm and its visible contents
appeared to remajn-entirgly normal, as did the arrested

organelles.

ORGANELLE TRANSPORT IN CRUSHED AXONS

Experiments in Ringer Solution

The experiments on crushed axons were; inftially“
performed in ﬁinger solution of standard ~composition (séé
Methods). Under these conditions a‘characteristic.péttern of
changes was vconSistently observed. which was in marked
'~ contrast to the simple accumulation of organeiles_seén in
compreésea axons. For desbriptive purposes six different
stégeS’iwereA distinguished, on the basis of;dynamics and
horphology évident Gnder the ljghi ZMicrosqope. "These six
SIages  are illustrated in Plate 5.2 andiFigure,S.i’and are
. described in the captions. 3

~ The tips of the-?gxon on both sides of the crush
underwent a sequéhtiaﬁ‘ transjtion thraugh the six stages
‘during the first 15-30 minutes after the crush, depending on
the ‘extent .of the damage. Each “stage,. afteﬁ‘initially‘
- developing at thé crushjsite, progressed‘gradualjy along the
axon in both directions. All the é&éges 'Qere‘abpanent

.simultaneOUSIy by viewing élong_the length of the axon.
The rate of progression of the changes was documented.
by measuring the approximate positions of the five

v



Plate 5.2, Darkfield photomicrographs of progressive
degenerative transformations adjacent to axonal crushes

(1-6) and cryshed region (bottom). Numbers correspond to
stages described in Figure 5.1. Scale bar, 10 um. :
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Proximal - - - Distal

-— e

o . . . e . i

Figure 5.1. Diagrammatic representation of sequential stages:
of degeneration developing. adjacent to axonal crushes made
. under Ringer and certain. other solutions . ‘(horizontal "
~distances compressed). Six stages were distinguished, based

upon dynamics and morphology evident under the light,""

-microscope. Sta 1: structure and movement normal. Stage 2: .
structure normal, organelle- movement .arrested. ' Stage 3:

initial segmentation or, beading of rod-shaped structures. -

Stage 4: complete fragmentation into small round profiles -
with . no apparent -connection: Stage 5: development of
oversized or swollen organelles or vesicles, often with the
microscopic appearance of spherical bubbles. Stage 6: random
. milling (Brownian movement) of some particles. in ‘developing .
local “pockets”™ of axoplasm. . S ol e

.
LI 7



crush.

-

"interfaces"” or trans1t1ons between the six: stages, as a

' funct1en of time after the crush. F1gure 5. 2 represents ‘the

) ,results from a typ1cal‘ exper1ment “in which both the

proximal and the distal ‘progress1on of “the changes was

measured in the same axon for 4 hours subsequent to the.

: P 4
o ! o

The observatxons 1nd1cate that w1th few except1ons.,all

2

the short term 'gross react1onsv to. crushing under R1ngerv~

solut1on were essentially complete and stab1l1zed by the end

of ‘the fgrst hour. and often much SOOner than that The A

-

except1ons Otnvolved ‘the earl1est change, the’cessatIQn of .

transport which somet1mes continued to work 1ts way backﬁ
for d1stances in  excess. of 5 mm,‘the observatxons‘betng,';
Jlmtted By the length of the isola ea'single fiber which hadj
been d1ssected The-. bead1ng, fragmentat1on and swell1ng oFm‘
m1tochondr1a and perhaps.other organelles tended to be very;* :
'.rap1d and had\ sually progressed almost to completlonf'

with1n the f1rst 5- lO mlnutes However. 1t usually requ1red

—

between about 10 30 minutes for .any, Brownwan movement of the“

particles to appearl e :
- --_'_ - - J- ) . k { ‘
There drd not appear to be any consistent spat1al

tenporal differences between the changes on the proximal and’;' :

on the distal sides of the lnjury : :?‘usfﬁ

It was clear frcm the foregoinq experiments that ~the -

- Ringer solution - 'had a’ htghly de”tructive ‘effection the

structure of the axon and caused a local cessation of_'-vf'-‘ g

Miella s S SR B R D B P BN
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} Figure 5 2 Sinultaneou,s proximal and dlstal progr-ess of

" .respective’ stpges of ation (refer to Figure 5.1) in a

~ .. 'single axon crushed under Ringer ,solution ~Schematic diagr/am

- of experimental preparation on left,,, Symbols (0,4,V,.0 and
C _;’_'"0) w»correspond - to - 'stages . w3, 4, 5 and 6 of Figure 5.1,
,-:respective]y,; ahd repusent:._the furth’est detectable progress \
: of:‘ thg nsforma .ion:-%‘--tt'any o »t'-ﬂna The effec;ts were
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particie fransport. In an effort to determine the causes of
these changes a number of solutions were tested for their .

effects on crushed axons.

Q

o~

" Experiments with Modified Solutions

" - ) 2 : . . ’
-(a)” Isotonic potassium chloride

Compared to the eff;cts of Ringer'solufion (figure 5.2)
. there,was a definite reduction in the progress of all five :
" alterations wheh'axons were crushed under isotonic potassium
chloride solutions (Rigure 5.3). The devetopment of both
}Qesiculetion and the Brownian movement  of particulate”
| materiai were eliminated-for at least the first 3 hours The

:zone containing fully diSintegrated rods progressed oniy

. about haif ‘as far as’ vin Ringer ‘solution. . The initiai

segmentation 'of these structures reached the same distance

as it had in Ringer solution ‘but the change progressed at a

slower rate ; Finally, there was v151b1e, eVidence of .

organelle ‘transport to w1thin 0.7 mm from the crush less_:.
_than half the distance affected by the Ringer solution. The
improved intra axonal preservation by isotonic KCi suggested_hg
. that . axonal structure and transport might be adverselyg;
affected by the sodium, calcium or magnesium ions present in*
~'.'t,he Ringer solution | ‘;T N R »-f Tl
(b} Potassium ~<’;h3_q§;id;e plus calcium fons.

R

-
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 Distance. (mm)
o
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o 60° s 1200 g0 -

 Time (min)

e

"F-i‘gur.-‘e 5.3. Dis_'t'a'l'__: progress ~of respective -‘sti&es of

| .degeneration. in ‘axon crusheéd ‘under. {sotonic potassium.

chioride. Compared to Ringer solution.(Figure -5.2), extent .
of stages 2(-0), 3(4A) and_ 4(V}) was much reduced-while .

 stages 5(0)° and 6(0) were eliminated, at .least ~during " the .

- ~ in several similar experiments.

L SN

e
~o

-z first. 3 hgurs. Both Figures 5.2 and 5.3 are based on single . °
. ‘experimentsy _but are typical ofthetrmformtionsobserved B
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Calcium chloride " was added to the bathing solution at

the end of every exper iment done in isotonic potassium

chioride, at the same (3 mM)gconcentration’present in-the

Ringer solution. Each time, within 10-20 minutes, several of

" the previously stabilized boundaries between the zones'

resumed their progreSSion away from the crush This effect

is 1llustrated in Figure 5.4.

. 3 ~ .
In this experiment, '1-1/2 hours: after crushing .in

| isotonic KC1, all the transition zones had settled to fairly

stable p051tionsq at which time 3 mM CaC12 was. added to thez
(medium Within 5-15 minutes of éxposure to.  Ca** a

N

remooilization of ‘ some ° of . the zones" was -observed’
specificallyfi 'those associated with' segmentation
’/fragmentatioh and swelling of the 1ntra axonal organelles
Brownian movement was not observed up to 1- 172 hours after

changing solutions but did _appear within the nex& 2 hours

" The downward shift. after addition of Ca",p of the line

o representing the limit of normal organelle transport (Figure

- 5.4) indicates that particle movement was detected again in

’ regions which had becdme static in the KC1 solution This e

tifcould be interpreted as. evidence that calcium stimulates the

V‘ftransport system It is ‘also possible, houever, that this

:shift in the position of the boundary was artifactual, since
- '1 there was also an improvement in optical conditions after
-"j'_"charigino the solutions R '.:,_' .. RS ‘.' : A c [

| '":’(g'r}ha’*i_iygw;éhfl-c?rfvfid;e-fpttiﬁ-\'egcm R A

o
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Figure 5.4.  Effect °f'bcalcfum‘on»(di$ta7) development of

axon. . Crush was initially

under isotonic potassium chloride solution.after which =

deg:nerative, changes in crushed
made :
1 - 1/2 hours were allowed to elapse for stabilization of -

_ }‘the,béundar-ies between the stages (Figure 5.1). The solution =
- was then replaced (arrow) with  an ‘equivalent. solution of ..

potassium. chloride containing. 3 mM calcium. chloride. This

©  treatment produced a rapid remobilization - of most of ‘the - T
" structural transformations. . Symbols ps for Figure 5.3. The ., -
same .effect was observed in other = ®xperiments ‘in which. -~

not recorded. " - S
T VR
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Since the change from Ringer solution to isotonic . KC1

had reduced but not eliminated the intra axonal disruptions,

and calcium appeared,to be largely responsible for .these

effects, an effort was made to minimize  the amount of
calcium present Because the concentration of free calcium
i

ions in axoplasm is normally about 3 x 10 7M or less (Baker,

1972) it was p0351ble that,impurities present fn normally

prepared sbiutions might' have an appreciable effect, In,

addition, small“amounts of calcium may‘ have been released
from nintra-aXonal 'calcium,sequestering organelles. such as
mitochondria and_Smooth endoplasmic reticulum_damaged by the
crush. Accordingly, 1 mM EGTA was added to the isotonic KC1-

to chelate calcium 1ons free in the solution Ihis treatment

"waS'- successful ,in" completely preventing any "of the

previously described morphological changes (Figure 5 5).

However, despite _fthe , elimination of. any apparent
; morphological,‘.damage, - organelle transport -'was a-“notj
maintained. |

"The,f progressive : improv n nt;.:fing intr;hiz::al~
preservation from Ringer sol:T$§n'l, through isotonic.
potassium chloride. to potassium chloride with EGTA is

| evident 1n Fiqure 5.5, which summarizes all the exPeriments---

done with each /solution.‘These figures ere based upon the

transition from intect to segmented mitochondcia..the first S
"’,* opticatly detec;eble \Qerhodcgical_ abnormality, and the

Ul"‘". l
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" the potassium chlorideqsOIution indicates that calcium (or \
possibly magnesium) ions have‘destructive‘effects in very

[

low concentrations
(d) Solutions with quantitatively controlled - calcium and

magnesium ion concentrations

The complete elimination of calcium_.bQ ztheﬁuse of -
'isgt_‘onif‘cl_(ci with 1 mM EGTA . appeared to preser.\>e the
‘esubce1lulaf structure 'at the Crush 'site: but failed to
maintain organelle transport while calcium concentrations' "
much in excess of that normally present in the axon wére |
highdy destructive. At the same time, analogies with ‘thei;vf
| molecular ’ hanism of muscular contraction suggest that P
some calc1um could be necessary for transport to’ occur (cf. _
Ochs, Worth and Chan, 1977) Accordingly, attempts were made '
to provide calcium concentrations in the physiological range'
by buffel\Ping the c:alciun to 10~ e" 10 7. and 10-°M with
;e calculated amounts of EGTA (see Methods) on the possibility_
(Christian, 1975) ‘that magnesium rather than ca{cium might;'>
be the. critical requirement; further attempts were made\withj

’ one of these solutions supplemented with magnesium and ATP

| Tf}f;r_sw~1n the» six axons _exposed to buffered calcium ¥°nf~fi
4 solutions, no-concentration was found,ﬁ in the range fromntﬁ
10"! to 10"M‘ which uas high enough to maintain organellefigf
transport yet Tow. enoughi to avoid damage to thq axonalif#f
AJ'¢°"t’“t‘--}gfgftffh§‘ﬁﬂefﬁﬁiﬂﬁﬂeﬂ? .fragmentation f ofa»the
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Fd

intra—axonal structures could be delayed but not prevented

Organelle transport also failed in the four axons exposed to
solutions containing calcium (0. 1.uM) nmgnesium (0.03 mM)
and ATP (8.71 mM). 5( |

The failyre of these: solutions to maintain normal
movement  suggested th the elevated chloride . ion
concentrations present may have had * an agterse effect on

'particle transport,

- {e) Sodium glutamate

The foregoing has indicated that one of the maJor"
) causes of the degenerative changes within axons close to
.crush lesions is likely to be an influx of calcium from.the.,
Tbathing medium However. other major constituents of Ringer
solution,u,sodium and chloride may also contribute to the )
Hdestructive effect 'This view is strengthened by the recenthi"'
report (Smith -1980) that a potassium glutamate solution.v‘

-will allow particle transport to continue up to - ‘a crush"

E ":lesion for_ several hours with good preservation of axonal¥f“

°"°"‘“* b‘-‘t"th‘“ cha"ﬂ“ PPOOPessed less than hslvff'as:',Jlfar“:”

A ‘structure ConsequentlY. the effect of -isptonic (.1230 f"-,“,)j’
sodium glutamate solution was investigated ‘ : S

- - "‘ .
o , 5 ;’ ' - ‘.\ B . i .“:. . X ‘ . o

| Isotonic sodium glutamate solution caused morphologicalv§_7
changes thhin axons close to a crush which were similar to

those caused by potassium chloride solutions coﬂtaining 3.mmi};:
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the lesion but was.present t6 within 0.5 mm of the crush.

This result suggests that the sodium 1oqg in abnormally
' high concentrations. is not supportive of the structure of
the axoplasm nor of particle transport While it is possible
that trace amounts of calcium in the sodium glutamate may
have been responsible for the effect a comparison with the
I results obtained in 1sotonic potas51um glutamate solutions’ )
(Smith 11980 and Table 5. 1) favors -sodium as being the N

destructive element

| Summary of the Effects of lons Present in the Bathing'
‘Solutions'v.' | ; | - | |
The clear difference between experiments in which axons
were compressed or crushed in Ringer solution indicated that
the composition of the bathing solution was not compatible Soe
with either the structure of the axoplasm or with particle
S transport when the so]utjon had’access to the interior of.
v the cell. It appeared that the effects s of applied solutions
on the gross strueture of axoplasm abd on particle transporti-

were separable
. .

E The evidence (Table 5 1) indicated that potassiun andf,
chloride ions at concentrations *of 120 mM did not cause;i7l

EIRNY

gro:l ax0p asmjc structural changes. but that calcium ionsiﬁjif
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Effects of extracellular solutions of. var1ous
compositions on particle transport and axonal
structure close to an axonal crush. A. Summary °

of work reported in this thesis. B. Summary of

work done in this laboratory by R.S. Smith.

. Additives to solutions in millimolar

oo to-s,
eKCl + Ca“(lO“’)

‘molar units.

concentrations. indicated by (mM) , concentrations
of- other additives indicated in parentheses in

SOLUTION - PARTICLE ' GROSS
- B _"TRANSPORT _ "STRUCTURAL
| iy - AT ENDING' L CHANGES
A Rlnger , | Very poor l Exiensive'l
KC1- _ ) .Poob"_ " 'Moderate
KC1 + Ca‘f(ﬁﬂ)_' .. . poor -;Vl Extensive
KCl + EGTA (mM) .~ . .Medgratef' - None
kel + buffered Cav f'Moderate" LSlight

10°7, 10- 9) o R (de ayed),_;“
|  Modefate . SIi

o J¥t(3x10-8) - ,‘f B Ade ayed)u'
+ A P (9x10 3} S : ,,A-f . :

'5fff'Na glutamate ';:"” 7*-'l”.;-f‘5-Moderatef;~l”fﬁpderaie'

:78.;K olutmmate _ﬂ», R g{*,ffjlﬁééd'ﬂ;l' Slioht
.f?fTK.glutamate + Ca“(mM) ;f:a fpbcb’;i“iél EXt9ﬂ81V°fi#'ﬂ‘

K glutamate + EGTA (mM) "j5fj§d¢5.f,ff?f:,}kngﬁ;,f';ﬁ,-v
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Noh,clear'/evidence ‘;as ‘obtained on. those conditionsr;
necessary - }for' maintained particle transport, ‘but a
comparison w1th ‘subsequent work (Smith 1880 and'Table 5.1)
suggests that 120 mM potassium is compatible with particle
transport The present series of experiments probably failed-

-

Jto maJntain particle transport close to a crush lesion~
”because of the presence of high chloride concentrations
within the bathing solutions. - o oy
- REVERSAL DF DIRECTION OF ORGANELLE TRANSPORT AT A MINIMAL- o
LESIDN | | | | '

oo
LS

The following : a description of an "interesting‘

condition which was observed on only one _casion cand-

entirely by‘ chance, but which has .imp] ations forwthe"
dynamics and mechanisms of axonal ' transport In anl
experiment originally intended forxa different-purpose an
; ”’/ isolated axon was mounted in the vieW1ng chamber under
| | somewhi! greater tension than usual A particular region ofi
“ the axon was in some. way altered ‘but not extensively L
damaged 80 that it became a locus for the directional7.

reversal of particle movement\(see diagram. Figure 5 6)

\.'

At the time of the first observations (about 1- 1/21'7e7
hours after the frog had.been Killed) the particle motiOnf
everywhere in the field of view appeared to be normal:ff_“




- Proximal IR - Distal

| "< Regionof

: l ' Reversal - : T

- N - DR

; -“Figure 5 6: Dia ram of region of 'axon where rever‘sal Of,'; B

o particle d1re¢t on was documented. For . explanation see text.

, Py and Pg = proximally. travelling particles moving jnto .and -
obt of. region, respectively; D; and Dy = distally travellingj‘k, .
partfc]es moving into :and out -of region, respectively. A and
. B .indicate approximate positions where particle. caunts were:_l o
\ ,made (Tables 5.1. aﬁd 2) Scale bar, 10 me |
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’.fromvdistally moving ones because the transieqt reversals‘:
often seen between saltations had increased to the extent-
}; . that the backward pathlengths approximated the lengths on
S the forward movements (approximately 20 Lm compared to ah
| ;normal maximum of about ‘4 um) There.was~a~clear difference '
.. . in the characte;istics of particle movement between the
_; . ;_central region: and the other parts of the . axon. freely'}
| B moving particles | approached normally in' the adjacent v
axoplasm *but on entering the central zone they appeared to‘i”
_ become captured‘ and detained indefinitely while caUght up”;~
. Cin repetitive long bidirectional saltations. As this localfnf
‘change progressed. .2 steady increase Simultaneously tookt.
,jﬁi_“i'place in the numbers of particles leaving the central region;{‘
WA on the distal side (Table 5. 2) However, it was clear thatfi}

'.i‘the 5 foldjincrease ig the number of particles leaving from::‘

';{.il‘: ‘the distal side was not accounted~for by any increase in the

'.;i-number of particles entering the region on. the proximal

: side._ At the same time, many f the parttcles entering*on
the distal side of ' the . region did not. .leave “from. he‘

f:{iproximal side It appeared that a large proportion
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Table 5.2. Progressive shift\in balahce of proximally and
digtally moving particles on distal side of
.region of revegsal. Observations made at level
. B in-Figure 5.6 v, . ~
- NUMBER OF'v": ‘TIME AFTER DEATH (HOURS) : '
PARTICLES - 1-1/2 2 2-1/2 S 3
- PER. MINUTE -~ PROX DIST  PROX DIST  PROX DIST" PROX DIST
--.-'--.v‘--—- TTTET O TTes semems crwem e mmea /‘/.A“\\""
; . / N
MINUTE 1 11 0 11 0 12 3/ 55 2
_ 2 14 0 . 11 1 11 ) 4 4.
3 10 0 16 2 9 §1- 6 3.
4 110 8. 2 9 '3 ““2“»~f?*\
5 12 1 7 0 9 . 2 6 14
6 12 1 <10 0 12 2 3. 1
7 13 1 <11 2 ‘g 2 -3 o
8 10 - 1 18 1 10 3 4 3
9 ‘9, 0 10 2 7 1 2 4
10. 12 1 15 4( 14 5 31
TOTAL® 114 5 117 ' 14 102 27 38 24.
MEAN 1.4 0.5 11.7 1.4 10.2 2.7 3.8 2.4
P:D RATIO 22.8 8.4 3.8 1.6 .
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reversed direction ‘Howeuer 1t was possible to strengthen
the‘ev1dence by recordlng the numbers of partic]es enter1ng
'and leaving both proximal and d1stal ends of the central
region durlng alternate 1 minute per1ods dur1ng a 1/2 hour _
period . (Table 5. 3{d;5§§gmjng no reversal and no creation or
destruet1onlof particles, it is necessary under equ111br1um-
conditions that the numbér of prox1ma11y moving particiles
~entering any port1on ‘of axon be equal to the number 1eav1ng'
it in the proximal dlrectvon and s1m1lar1y for the d15t;l
direction, i.e. from Figure 5.6, PI.= P0 and“-DIV“= Do If
reuersaf does occur, neither of these equal1t1es necessarily
needs to hold, but -the relat1onsh1p PI =P, +D. - D must0

0 0 1
be sat1sf1ed. ' ' '

At the fime the counts were made, the-process was in

’ equ111br1um or close to it, because there wa% no evidence of
changes in partxcle concentrat1on comparable to those
observed in constrlcted axons. It was c]ear from the numbers
obta1ned that " this was not a normal regﬁon of axon with
particles passing stra1ght through because PI (55) > P-o
/T§7f’and DI (7) »= D - (33). However -the values did. conform to
\ the relationship allow1ng for reversal, T7(55) ~ PO (31) +

/ - (33) - D, (75.
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Table 5.3. Number of particles entering and leaving each
side of region of reversal ?levels A and B in
Figure 5.6). Counts were mgge during 30 one.
minute periods alterpating between proximal and
distal sides, at the end of the.second hour of
observation. The figures obtained are consistent
with the mathematical relationship applying to a
region where particles are reversing (see text),
while they fail to comply with-the expression
for a region with particles passing through.
SIDE PROXIMAL - , DISTAL..
DIRECTION PROXEMAL . DISTAL “/PROXIMAL DISTAL
NUMBER OF 2 0 5 2
PARTICLES 3 0 4 4
PER 'MINUTE 1 -2 6 3.
5 2 1 2 2
4 0 6 ., 4
. 1 0 3 1
3 0 3 0
2 0 3
1 1 2 4
. 2 0 3 1
i 4 1 1
2 2 3 ‘ 3
2 0 3 1
1 0 4 3
. 1 0 1 T
TOTAL 31 { 7 - 55 33
SEREVIATION.  Po ! ... I UL T
Y
LW
o
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DISCUSSION

LOCAL EFFECTS OFWEXTRACELLULAR IONS ON DAMAGED AXONS -

_ Experiments with“ erushed single axons showed that
Rtnger solution has .a rapid destructive effect on the
interior 5# the axon. This'suggeets that b}oodhplaema'and

tissue intercellular fluid would probably have a similar

~

-effect on axons injured in vivo. Subsequent eXpenﬁmentation

using varioué“modified solutions identified some destructive

oomponents of 'Ringer' solution, ~ and indicated some

d{fggpences between, ‘their effects on gross, axoplasmic

structure and on the transport of intra-axonal particles

(see Table-5.1). - ’ “

Gross Structurali Changes

‘The component primafi]y resoonsible for the extensive

structural damage is the calciuﬁ ion, as shown by the marked

\reduct1on of these effects w1th the substitution of isotonic

' potass1um chlorlde for Ringer solution, the etimination of
o sthuctural damage by the inciusion f EGTA in the medium,

and_ the extens1on of the damaged region upon restoration of

' the or1glnal ca1c1um leve] A similar correlat1on between_'

granular axoplasmIC degeneration and degree of exposure to

alc1um ions was reported by Schlaepfer and Bunge, 1973 ‘and
Sch]aepfer 1974 1977 The less pronounced degenerat1on 1n‘
the sod1um glutamate solut1on 1nd1cates that sodium ions are

also harmful in high concentrat1ons
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The destructiye effect of calcium, in millimolar and
micromolar concentrations, is consistent_withv}he eXtremelyc
tow levels of this ion maintained in intact .axohs by
-sequestering or binding -processesb (Baker,b 1872) . éince
mitochondria are one of the organelles which " perform this
.functlon exposure of the organelles to excess1ve amounts of.
calcium may overload the process and cause extens1ve
alteration = of the mitochondrla. ~' Funct1onal ahd
eharacteristic morphOtogical changes; includihg swe1ltng,
have been“. reported foliowing - mass;ve' calcxum ion
accumulation by m1tochondr1a 1d;?med1a conta1n1ng 1-5 mM
calcium (Greenawalt, Rossi and Lehn1nger, 1964; Chappell and

‘Crofts, 1965; Lehn1nger Carafol1 and R0551 1967) ‘The '

swelling is thought to be caused by some non-osmotic. process

‘(Pfe1ffer Kuo and Tchen 1976) .

Arrested Partfcle Transport

The " transport 0?l°opt1cally detectable particles was
‘?arrested near the crushed ends in all the so]ut1ons tested ‘
Thxs could have been due to the loss of some material from ‘
the ending that was not replaced by the solut1on or to some
_ change 1nev1tably assoc1ated with the, injury.- However ,
exper1ments with potass1um glutamate solutions (Smith, 1980)
'.do not support these poss1b111t1es It appears 1nstead that
maintenance of particle transport -at  the crushed end is
largely a matter of ident1fying and eliminating the harmful

compOnents of the bath1ng solutions.
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Again, the most critical factor is the calcium ion
concentratibﬁ. Two (not necessarily‘exclusfye) possibilities
may be mentioned for the action of calcium. If theqtragsport
process involves contractile elements. depenaent‘ upon d
specific harrd@ range of ca]CiQm: ion céncentrations (cf.
musc]e);j/ the imbalances <created by the ‘;xperimental
»*Cbhditions may take the contracfilew mechanism out of'vits.
range of actioh. Secondly.r calcium; jon céhcentrations
greater than the mic;bmoléf amounts*ﬂhprmally preéent in
| axoplasm may disrupt - supée]]ular organelles thought to be
‘involved; in the transport process. ; Migrotubu]és,' in-
uparficular; may be depolymerized by exéessive concentrations
of calcium ions (Schlaepfer ahd‘Bunge, 1973; Marcum et al,

1978; Nishida, 1978). .

»

In addit{én to calcium, there wasﬂélso evidence that
both sodium and chloride ions have an unfgvorable effect on

| particle thénspofﬁ. 5Interprétati0nj of &ﬁhis eyiﬁence is
complicated by the fact that’trace'émounts of calcium in the

solutions could be capable ofiproducihg the,same‘resﬁlts. -
'Héweverffohe:aotegninél;_gggggbgrt close to a crush ‘was
s topped in  sodium glutamateﬁﬁsolufions and not'stopped in

potassium glutamate solutions (Sm};h, 1980) .

REVERSAL OF . DIRECTION OF AXONAL ' TRANSPORT AT  AXONAL

INTERRUPTIONS - - I T
" _An experiment described earlier{in tﬁis'chgpié{{(Figurg o

5.6)'réphe§ents_ih¢ first documenfedob§érVat{on of a region

1
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of axon in which reversal of particle transport occurs
Although it was not induced by an intentional’ axona] lesion,
the reversal probab]y did occur at ‘a zone of l1m1ted
structural disruption. More hecently, duantitative-ev1dence
, of parﬂécle reversal has ’been iobtained in 'axont stumps
preserved 'by crushing the fibers in a'potassium g]utamate‘

solution (Smith, 1980).

Several repdrts} describing the reversal of‘ axonal
/;Iransport at b]ocked ends or natural- terminals have appeared
,///- in the literature (Bray, Kon and Breckenridge, 1971; Partlow
ﬁ et al, 1972; Abe, Haga and Kurokawa, 1974; Bisby and Bulger,
1977; Bulger and \Bisby,‘ 1978). In all these studies,
reversal of direction has been inferred from changes in the
h d1str1but1on of proteins, and 1n all cases the change in
direction has been from.anterograde to’retrograde. |
‘Further comparisoh~of these resojts to the observations
of particledreversa] {s restricted becquse of constdereble
differences in the time scales covered by the e%per1mental ;
_ procedures employed in most of the above studies. In ’the
report. of B1sby gpd/BﬁToer (1977) however. d1sta1 crush and
prox1mel/ce113ct1on 1lgatures were app11ed within hours of
-
) tbe//1n3ect1on ‘of [3H] leuctne 1nto» rat‘sp1na1'cords or
;:;//f/dorsaliroot ganglie. It was‘ estimated"from analysis ‘of:>
~ labelled protein accumulation_‘at‘the coilection ligatures
that-the injured axons required,O.B Ahburs to devetop the

ability to reverse transport,” and that once this ability was
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established, protein arriving at that location %n sensory
and motor axons took 1.9 and 2.4 hours respectively to begin
moving in the opposite direction. It was pointed out,
however, . that theitatter values were maximal estimates, and
substitution of alternative figures in the calculations can'
reasonably produce va]ues in the vicinity of zero. Hence thF'
total time ‘requ1red for a ‘reversal mechan1sm to become 3

established and to fully operste_on,incoming'material could

‘ be -anywhere from 0.8 to 3.2 hours. This range agrees‘ver§

well with the approximately 0.5-1.5 hours “taken for
opt1ca11y detectable particlies to begin reversing fn the

experiment descr1bed in thws chapter (F1gure 5.6). Bisby-and.

Bulger also est1mated that by 28 hours after labelled

protein in sensory axons reached the 1nJury, 46% of it had
been returned. Th1s compares in the experiment reported here
to the 60% -of the detectable ‘orgénelles whicn_ reversed
direction during the half .h0ur sampling periodraffer the

process had reached equilibrium.

- In several 'other studies, ' radioactively labelled
proteinﬂ transported initially in the or thograde dlrectaon,

has been reported to . become part of the retrograde]y -

"transported material after reaching the nerve terminals or

}artifieially imposed interruptions. This approach has been
emp loyed as a ‘methpd, for' studying retrggrede axonal
transport (Edstrom and Hanson, 1973b; Friiei1 and Sjostrand,
1974a; Sjostrand ‘anq' Erizell, 1975; Bisby, 1876; frizell,
McLean and Sjéstrand,'1976;_Buiger_and Bisby, 1978). Similar
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studies involving enzyme assays and histochemical prote1n

| detection were reported by Br1m131on and Helland (1@7%) and

Nagatsu et al (13976).

1t appears very likely, then, that the reversal of.

direction of some of the material conveyed by rapid axonal

transport is a _consequence of certain appropriate .local

conditions, closely associated with the accumulation of
transported material at axonal obstructions, but whose

specjfﬁc details are yet to be clarified. Since the above

evidence indicates that reversal can begin in .the first

hours after interruption and -continue at least for several

days, this source probably constitutes the major supply of
the particles mov1ng away from exper1mental crushes at the

early periods when growth cones were not yet deve]oped



. CHAPTER 6 . R ‘ -
GENERAL DISCUSSION AND CONCLUSIONS -~ - | ¥

fad

STUDY OF ORGANELLE TRANSPORT BY LFﬁHT MICROSCOPY

The detection of axonal organe]le transport . in mature
Vs1ngle nerve f1bers by Tight " microscopy is a relétiveiy
“recent accomplishment. This method allows  the difeét /
‘observatlon of many detalls of the transpo?t prpqess which i /;
are not revealed by other techniques. The aebroac hae\\been //
utilized in the present work to establ1sh the basig features
of particle movement in normal axons and to investigate the

ways in which particle .transport _1$ .affected bj?axona1

injury and regeneration.

In Chapter 2, evidence for sbmatofugal and somatopetal

—

transport of intra-axonal organelles in mature nerve fibers

-

was presented. -These observat1ons have been conf1rmedv by

(BIher reports (Forman, Pedjen and Siggine,'1957a,b) ezg;gbey///i

/ establish a more complete view of organelle tnangﬁg;t than .
“ : *

the generally accepted version advocated by Weiss up to

about 1970. (see.ChapteE 1).

L In_the excised axon segments wh1ch we?e\stud1ed by 't5é~
present’ technique, particles- with rdbﬁalyor slightly
elliptical profiles 0.2-0.5 um | in dnameter moved

_somatopetally ‘and somatefugaflyé’,with comparable mean
ve?pCities of about 1 um/sec. This velocity is close to

those reported ‘in ‘other studie% of axonal transport in

185
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intact amphibian neurons, as cited in° Chapter 2. Normally .
stationary rod:shaped organel les. exhibtted_‘occasional
]ong]tud1na1 “movements at similar or somewhat - lower
veloc1tjes More rounded organelles moved in the somatopetal‘
direction than in the_somatofuga] d1rect1on, in a ratio of

rough]y 10:1. No evﬁdence of.transport at a slow rate was
ifound Wh1le the latter two results <contradicted’ those of
K1rkpatr1ck, Bray and 3Pal'mer‘_(1972) and Kirkpatrick and
Stern (1973)[-1they_ are confirmed by subsequent reports‘
(Kirkpatrick ‘and' Stern, 1975; Forman, Padjen anQ?Sjgginsn,v
1977a,b) . . o , - v

The rod- shaped organelles were presumed :to be
mitochondria and the rounded organe]les were descr1bed as a

3

heterogeneous populat1on of ’_m1tochondr1a,‘ .untdent1f1edf
/ vesicles and. other - bodies.\SUbsequent s;udQ of organelles
accumulattng at eiperimental axonal - interrUpttons (Smith,
1980;ﬁ has indtcated that dense 1amel]ar> bod1es. with a
smal]er number of m1tochondr1a and poss1b1y mu1t1ves1cular
~ and, membrane bounded bodies, " probably make up the maJor1ty .
of the partlcles mov1ng somatopetalty, -while m1tochondr1a,
.small ves1cles and tubules. and a sma]l number of dense
lameliar bodtes maytaceount for:most- of the somatofugally |
,nmoving partic1es. o

In Chapter 3, the problem of 'high’-variability in
“-experlmental measurements of veloc1ty and of . numbers of

particles travelling in the axons waskexamrned in detail.
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The .hajor ,sources ot this variability were identified/and
their relative importance was est1mated statistically. For ‘
both veloc1t1es and the numbers of mov1ng particles detected
per unit time, the greatest variability was found between.
the separate measuremepts Qithin individual axons. However,
analySis‘ of_kvariance showed that differences betweehi
indivjdua} waxons aiso: EOnstttoted an “important and.
statistical]y stgni}icant source of variability. This,c
'Findtng Qas COntrary to reports dbased on sma]lerAsample
Astzes (Forman, Padjen 'apd Stggins, 1975a,br. 1977a). The
vaqiation ’between different animals was small fnd not
, statistical1y;significaht: It-was conc]dded that due to the
‘inter-axonal - variability .experimental effects are best .
studied within individua] axons, and the advantage of . this
.'approach may: well justify the effort involVed However, in
, cases wherg this ts‘not posstble the samp]tng error can bed
.\minimized by employing a 1arge number of measurements per’
aXon*and a fairly 1arge number of axo%s The results
1nd1cated that in g%neral it is not ne/essaryato sample'over

a ]arge number of an1maﬁs

ff ’ The quantlty of material transported along aQ.axon per~
unit time .is determined by the product of the, quant1ty of_,’

material per unit volume“ the cross sectional area of the
L axon; and the veloc1ty at which the material moves. Neither.
' veloc1ty nor cross sect1ona1 area was correlated with the

number of particles which passed an ¢bservatibﬁfp51ﬁf“peﬁ"““”
“unit time in axonsv in the range of diameters typically

s
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-\

“empﬁoyed (approximately 13-22 um).

Experiments with locally crgshed *axons .(Chapter )

showed that some ‘organelles continued to move in both

directions at all times during regeneration. There was a
o : .o o _
substantial reduction in . the number of proximally moving

organelles tmmediatély folloﬁing the,injuryf but the numbers

7

napidly.\increased-tto- about their,normal'range at 4 days.

~This was the same time at "whﬁch 'large( ‘npnbers  of

regenerating sprouts began to appedr at the nerve stump.iNo
k'Y ) ) .

appreciable change in particle velocity was observed, but -
other ghanges, such 'as‘ 1ncreased moveoent of elongated -

organelles, apd the appearance of unusua]ly large ‘rounded;;

’“organelles, ‘were found These a]teratlons appeared to lasx

throughout the ent1re regeneration per1od

K

Factors influencing these changes> were ’investigated»

further (Chapter 5) in a study of events occurring .in the‘,-

immediate v1c1n1ty of axona] 1nterrupt1ons H1stor1ca11y

there has been a strong polar1zat1on of op1nlon between twoliz

1nterpretat1ons of the origin of . intra-axonal mater1al wh1ch

bappears adJacent to les1ons One v1ew is that” th1s mater1a1

represents a loca} transformat1on of materral .which 'is'

a]ready present, and the other is that the mater1a1 arrives
by axonal transport (these 1deas are reviewed in Chapter 1).

Th1s dichotomy has tended to obscure the fact that 1t is not

‘.necessarywtov cons1der the two explapatlons .as . mutually‘

*y

'*exolusive.'..The ‘ results .from the present. exper1mentaT"'

~



. | 189

approach provide support for both possibilities.

The type . of material appearing at an interrdption‘was

¢

found to depend on the specific naturenof the interruption;

the‘ ionic compos1t1on of the surnounding fluid,tandnthe

extent of its access to _the interior of the axon. At

constr1ct)ons proQucing little or no structural damage a
gajor part. of the materigl 3rrives= through blocked
transport, white lecal z} nsformations“oare re]atively
itmited. Interruptions with ignificant damage' may prbduce
considerabie transformatton, depending upon the composition

" and degree of access of the surrounding fluid The calcium

ion is a component of bIood plasma, 1nterce11u1ar fluid and .

‘convent1ona1 laboratory sait solut1ons whlch in millimolar

concentrat1ons,' can produée gross structural intracellular
& .

changes. Sodium ions alsbvappear to have a disruptf%eveffeét

on intra-axonal structure tnlconcentrations of apouf\iéajnM.

\ B
N '/ . N

Transported material may become "superimposed"” on the

‘ortginal stationary structures, thereby supplying additional
. v )

-material nfor subsequent transfprmation, Y or transport may

qu1ckly be arrested at variable distances awayyé?rom the
Q

1nJury ‘ Any of calc1um, sodium or chlonYae ions, - in,

concentrat1ons substant1a11y h1gher than the1r ‘normal
1nter axonal levels. appear to cause the arrest of oz;aneile

movement at some d1stance from the point of entry of the

\.ii""

_ions.

S

~—

~te 4



190°

Crushing whole nerves, as; practiced " in most of the‘
~earlier /ﬁtudtes, could result ‘in uncontrolled var1at10n in
the extéﬁ} of damage and access of extracel]ular fluid  to
the. individual axons. By demonstrating the diversity of
potential responses, direct microscopic observation cf'
Qshstr1cted and 'damaged singJe. axons has provided a new
perspect1ve .dh_ the events leading to the. observed’
“accurwlations of material adJacent to lesions. Both‘arrested
transport:ﬁhd loca] transformat1on may contribute kto thg\
resu]t o w1th their relat1ve impor tance be1ng strongly
influenced by the exact conditions at the 1nterrupt10n This

»dependence may account for the w1de$var1ety of results and .

1nterpretat1ons presented~1n the ear]1ér studies.

L d

SUMMARY OF CHANGES IN PARTICLE' TRANSPORT IN RELATION' To
CONDITIONS AT CRUSHED ENDS

From- a coﬁs1derat1on of the combined \result%A of
Chapters 4 andIS, the general 1dea emerges that the numhers
cf ~ organelles . transported in norma] damaged and
regenerating axons is closely ne1ated to the cond1t1ons
existingv at )the axon')ferminaTs. The changes in particle

'~ transport observed at the progress1ve stages follow1ng '
;axonaf? interruption are dlscussed below as they elate to
the changlng situation aty the axon termhnals. and are
'A d1agramed schematitally in F1gure 6 1. From a funct1onal

po1nt of view, that part of the axon which” constitutes the
X _ .
2

13
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Figure 6.1. Summary of (A) changes - in mean -number of
particles transported per minute on proximal side of ‘axonal
crush, and their relationship to (B) the changes
progressively occurring at the crush site (arrows) and in
the regenerating fiber. Details discussed in text. Proximal
movement represented by open circles,' distal movement by

solid circles’s Schematic drawings not to scale.
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N

"terminal” '%éﬁies accordiﬁé to experimental. conditiens and

N 2
the stage of recovery 3z/fée axQn,(?

\\

The initfa] result of axonal injury is the entry of
extracellular medium and its diffusion for some distance
along the fiber. Exposureiof'the interior ‘of the axon to
elevated ,concentrationé. of | ions Commonly present in
iritercellular fluid, principally calcium, sodium and
chloride ions, produces a rapid progression of degenerative
changes;uendiﬁg in a disorganization.of the a&oplasm within
about half a millimeter on each side of the ‘lesion, and

- cessation of particle movement in the adjacent 1-5 mm.
Beyond these regions, particle tnqnépoﬁt continués normally,
‘but _does not result in the . distinct accumulations of
oréanelleé Iappearing' in axons- interrupted by less
-destruétive.Lgchniques.'This is\presumably :becausg, within~
the duration of the experiments (2-4 hours), the boundary
 between normal axoplasm (region i{ Figure 5.1) and axoplasm
in which partic]e transport“ had ceased (#egjon 2, Figure
5.1) does not occupy a fixed position. ‘It recedes from the
- injury at a rate which ié faster fhan the rate of
| accumuiation« of organelles. It is not presently Knbwn
whether.the boundary subéequently’stabilizes at its level of
maximum progress, or whether the regfon in which_‘mQVement
was arrested (region 2, Figure 5.1) later returns to an
active state. However, the level of origin of the
'regenerating sprouts (disCussed .below): suggests that
activity may be nestofed.

4
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By 24 hours, marked differences appear'in the;responses
of the proximal and distal stumps to orushing, and two

’ entirely different courses of events are subsequently

followed. In the 1solated distal stump, transport gradually/,,-"ﬂv

declines over a per1od of about 4 days. In the prox1mal

stump, organelle transport cont1nues in both d1rect1ons A
sharp reduct1on occurs in the numbers of proximally moving
- particles as a result of 1nterruptlon of the supply from the
more distal part of- the neuron but the axon does contlnue

transportingvam(educed number of particles.

The first regenerat1ng sprouts emerge at about 2 days
//after the injury. In silver sta1ned axons, the sprouts did
not appear to originate at the edge of the crush, but about
0.4-0.5 mm back from the edge. This clogely corresponds to
the border between the 1nact1ve but normal appearlng (reg1on
2, Figure 5.1) and severely d1srupted (regions 3-6, Flgure
5.1) axoplasm in the living fibers. If in fact the nerve:
sprouts did appear at this levet rather than between regions
1 and 2 (Figure 5.1) then thisvlwould' imply a return of
function to the region of arrested transport at some time

~ _ between 4 hours and 2 days following the crush.

At ‘the same t1me that the sprouts begin to extend from
the intact axoplasm, the numbers of proximal]y mov1ng
particles start to increase (FigUre 6.1). ‘During the next
few oays these sprouts extend further and new ones appear,

‘while the proximal particle traffic stead1ly‘recovers to its-
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normal range. The correspondence Setween these two processes
could be accounted for by . the prohounced pinocytptic
activity observed at axonal ‘growth cones (Lewis, 1945;.
Hugheé, 1953; Nakai, 1956; Pomerat et al, 1967; Leéstma and
Freeman, 1877). This suggestion is suppofted by reporfs of
direct observation 0¥ somatopetal movement ‘of pinocytosed
material (Hdghes, 1953; Nakai, 1956)f In addition, it is
known that exogenous 'prdteins'_aie taken up at damaged,
reggneratiné'and intact axon tips, subsequently appearing in
membrane-bounded bodies at more pboximal levels of the axons
énd in the cell bodies (Kristggsson and Sjostrapd, 1972;
Kris%ghsson and- Olskon, 1974; La Vail and La Vail,.1972;
1974f. At the Tonger time beriods (from 34. to 100 . days),

ﬁwobseévations reported’ in Chapter 4 indicafed that the

5

number§ of somatopétally moving particles detected distal to
the 'lesioné in the newly regenerated sprouts may have been -

_great enough to account for the numbers observed at  levels

i proximal to the lesions, in the original mature portions of

the nerve fibebs.

Somatofugal tréhsport. Eemains relatively .unaffected

shortly after the . crush, whenlsomatopetal transport. is at a

“_minimum. HoweVgr it does show an inficrease to about twice its

-normal level fin the vicinity of about 498 days, and agaih
around 64- 69 days Examinat1on of axons at per1ods up to 128
days after crush1ng suggests that both prox1mal and distal
transport are maintained at least at normal levels

throughout the 1later. stages, when the regenerating fibers
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" are lengthening \agd re-establishing synapt1c contacts, and

perhaps even later ﬂhen they are growing 1n diameter.

Figure 6.1A is interpreted as representind a transition
between two separate but overlapping processes. The effect
on transport durlng the first day or so, wh1ch ‘is confined
to particles mov1ng in the proxvmal direction, is the direct
result of local blockage, and does not involve the rest of
the cell. But by 3 or 4 days, the cell body has presumably
~experienced a distinct decrease in the-material arriving by
somatopetal; transport. Since material _trave]]ihg. at the
average ve]ocity would requjre approximately'1 day to reach
the cell body and another day to return to the crdsh, thereb
.has probably been sufficient tine for the soma to respond
and become involved in determ1n1ng the observed quant1tat1ve
and qualitative changes in somatofuga] transport . At the
opposite pole of the cell, :extensive changes have taken
- place in the structure and function of * the axon _terminal,
”influencing the content of the somatopeta] flow.__The
‘ characteristics of axonal transport beyond this period
then, reflect the part1c1pat1on of the entire cell 1n the

'regenerat1ve(process e

The observed changes-in transport during regeneration
| appear to involve: only the numbers and 4nature of the
part1cles in the flow; there was no ev1dence for changes in

~ velocity. ' ”*
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CONTINUATION OF IRANSPORT AFTER INTERﬁUPTIDN_gﬁ\_NORMAL
SUPPLY | ,' | o

e It was established' in eChépter 4 tnat somatopetal
organelle transport persisted in cryshed axons in spite of
their isolation by the crush from'their normal source of
supply from the more distal parts of the neuron. Detailed
consideration of the specific regions developing at crushed"
endings (Figure 5.1) allows an explanation, to be advanced'
for this unexpected observation Again the observed changes
in pgrticle transport can be accounted for on the basis of
the changing conditions at the newly created terminals.hFive
possibilities may be distinguished whose relative;
1mportance probably varies with the characteristics of the

terminals at the respective stages of recovery from: the .

Sinjury.

~

Particles from the Unaffected Region

At about 1 day after crushing, | all the unaffected

| somatopetally moving particles (region 1, 'Figure 5.1) with’

velocities in the measurable range\(Figure 3.1) would be
expected to have moved past the observation /é01nts (Figure‘
4.6). However, it would still be pOSSibﬁe for rod-shaped

particles, or for rounded particles oééillating about a.

fixed position at~ the time of -the g¢rush, to appear at the

e
observation locations after the cal ulated time 1limit. In
/

addition, a proportion of ‘the particles which were making

—
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net , pregress at the time of the crush could subsequent ly be
delayed for 1ndef1n1te per1ods by - temporar11y entering into

an ‘oscillating movement pattern

Partiéles_from the S{ationary Region E

el I

In the experlments performed under Ringer solution, a )
distinct 1- 5 mm zZone was cons1stently formed. between the
extens1vely degenerated and the unaffected axoplasm (reg1on :
2, Figure 5.1). thlel no movement was observed in this
reqjon (eiﬁher saltatory or quwnian), it appeared £¢ remain“
structurally intact. In parfieular; the deStrucfion of
‘mitochondria, which are known to take up calcium ione from
the surrounding axoplasm (Baker, 1972). was limited to about
0.4-0. 7 mm from the les1on. It may be suggested therefore
that m1;ochondria (Carafoli, }874) and other
calcium-sequestering organelles (Stoecke] et a] 1975) may
- eventually restore_the calcium levels Lin  this regjén‘}to
~normal values. AxonaT\m1crotubules whose depoiymerization
and repolymerizatlon are rapid (We1senberg~and Deery, 1976)
‘and may be regulated by calciumbion concentragion (Marcum et
al, 1878; Nishida, 1978), could then reappear, allowing
particle transport, which may depend upon ‘microtubules
(Cooper and Smith, 1974: Heslop, 1975: Hammond, and Smith,
1977) to resume. | § |
Particles which were: trayelling somatofugally at tne

time of the crush might also"cqngribute to the continued



' | | %\ 198
-somatopetal 'traffic.'_Since the factors-'dontrolling the
direction of axonal transport are not preséntly understood,
igﬁgay be possible for particles to resume moving opposite]y

: -5
to their—previous direction.

Reversal of Spma: ugally Moving Particles

1
i
k

While. the eventual resumptioﬁ of movement An . the
opposite_direction cou]d be cons1dered an indirect and
limited form of particle reversa] there is_évidence for a
more dlrect form which appearsa to be a characteristic
reaction 'in"reg1ons of re]at1vely und1sturbed axop]aah

adjacent to axonal 1nterrupt1ons ‘This process was dichssed

in detail in Chapter 5, and it was concludéd'that~ita

"probably represents a major supply of somatopetally mov1ng

part1cles, begtnn1ng about 1 or 2 days following the injury.

Injury-generated Particulate Material

Another"poténtially imqufant source of particulate .

material could Be the damaged axoplasm in' the éxtensively

denegerated region of the axon 1mmed1ately\ad3acent to the

crush (reglons 3 6, F1gure 5. 1). However,  there -would be
d1ff1;ult1es ~involved in br1nging material from this
location into a region 6f,activ¢ transport (region 1, Figure
.51).  In the early stage these two regidns are separated by
) a 1-5 mm length of axon (regién 2, Figure 5.1) in ~which no

~movement is seen. Within a day or two, by the time that



‘.

199

‘norma - functions may have been restored in this zone, the

axon. endings have formed discrete sprouts), separat1ng the
\ -

\

interior of the axon from 1ts‘degenerated former contents. —

- If this material does make any contr1but1on to 'tne»

N

somatopeta] traffic,. it _wou]de seem to be restricted to a

- relatively short time perjoo'between these tuo'stages.

™~

‘Materiat Originating Ekternale

“Since somatopetal part1c1e traff1c 1n interrupted axons

recovers “to at least its normal level by about 4-8 days and

- appears to remain at normal or higher - than normal levels

during the entire regeneration period (Figures 4.2, 4.3.and )
5.7), some source for these 'particles must  become
establ1shed ~which }s ‘not an 1nned1ate and transient
consequence of the 1nJury Continual reversal of diStally
transported materlal at the crush ]ocat1on,oﬁ>at the growing
tips could prov1de an ongoing source, but - the somatofugal
particle _movement_does not appear to be adequate to account
for all of the- ascending particles Furthermore, on the
molecular level, much of the material transpor ted distally
wou]d be-expected not to return, but to be 1ncorporated 1nto

the growwng axon.

The remaining major poSsib]e source for ascending
particles is suggested by the pinocytotic actiyity
associated with heuronal growth cones. This suggestion is

supported by observations from Chapter 4 and by a number of
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reports of uptake" and somatopetal movement of éxterna]

material, and waé(disCussed previously in this chapter: It

seems reasonable to conc lude, fﬁeneforg, ‘?hat the

flcdmpoéition of the sustained somatopefa] particle flow

“-proximal to a 1quon progressively chéngesy not only

quantitatively, but also wigh respect to the nature and the

'6rigin'of the'transported-particles, as a function of tth
_ changing conditions at the axon ehdings. More generally, the
_present research provides evidence that the $ohatopeta1

transport of a  large proportion of axonal organelles in.

@

- normal, 'damaéed and regenerating heurons is. related
‘primarily . to events at the axon tefminals. Since changing

conditions at the ends of the axons can effect considerahle

chénges in the nature of the material transported

proxiha]]y, there appears to be ample opportunity for the
axon terminals to influence the synthetic and otheri

, proéesses~ecc0nring in the cell - bodies (cf. VCbagg, 1970;

Watson, 1874).

]
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