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‘ : AB$TRACT e
. ‘hr To qlarl&y the dynamlcs ofyaxonal tranSport o
. features ofAthis process were‘studiedv 1) The motionoof ‘
“524_‘dntraaxonaliorganelles after 1nh1bitlon df rdbid axonal
'a‘ transport, and (2) the fine structure of :;ohs after
: freéZIHQ and thawlng R f‘j .‘Avf . “a t‘*

Y . [ SO : K IR

Axons frbm Xenopus Iaevls were treated ln solutions of
:-_ colchictne dlnitrophenol ‘or, dlmethylsulfoxide Other axons
were treated wlth hypenton1c potagsium. qlutamate heavy |
,,,water. -or were frozen in. llqu1d n1@rogen and thep rapﬁdly
thawed The movements of 1ntraaxonal organelles were
observed in all preparat1ons with darK f1eld microscopy
F1lm»records of the. mo nts were made and the data were -
comp1led by computer The analys1s of data consisted of
calculat1ng the standard dev1at10ns of p051t1onal o
fluctuat1ons. 1nstantaneous veloc1t1es, veloc1ty . '
dtstr1but10ns, and per1odograms In add1t1on, spec1mens of '
thawed nerve were examined with electron microscopy. . .
\ In all of the preparat1ons,'transport of organelles was
1nh1b1ted Howeven\*many organelles moved back ‘and forth
about f1xed posxt1ons w1th a frequency of about 0.1 Hz The
- standhrd dev1atwons of these movements were max1mally f1ve
'am1crometers Also the movements were al1gned with the
long1tud1nal ax15 of each axon S1m1lar pos1ttonal

fluctuat1ons were found super1mposed on the lJnear ~>_

dlsplacements of transport1ng organelles

¥




to resume,

‘,;low“n ers of microtubules Axons. fixed af ony

when axons were thawed 1n solutions of colchioine, E‘anSport
never resy and the microtubule numbers remained low.
The matn conclusions were“ (1) The residual oscillatory

movements of organelles were metabolically driven These -

4;oscillations were too large to be caused by- Brownian motion.

Since Similar OSCillations were superimposed on the motion
of tranSporting particles, these residual oscillations

represented a persﬂstent component of normal transport (2)

Axonal transport‘was dependent upon intact microtubules The

free21ng and thawwng of ‘axons depolymerized their

~microtubules and inhibited transport After five minutes

- from thaw1ng the microtubules reformed, allow1ng transport

. °
A A b T
>
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/1. INTRODUCTION

1.1 The Problem e S
An 1ntrace11ular movement of mater1al occurs between ;

Q.
nerve cell bod1es and the d1stal reaches of ‘their axons

Th1§‘movement 1s called axonal transport Under a high
powered m1croscope, transport appears as a long1tud1nally
,d1rected movement of 1ntracellular part1c]es (Cooper and
7; Sm1th 1974) . The movements of 1nd1v1dua1 part1cles‘are |
'complex Wh11e they move predom1nantly in retrograde or'
anterograde d1rect1ons. they may temporarxly reverse ;
direction. - | ' ) ER o
- Under certa1n’condltlgns/aXonalltransport'is’inhibited

and the prev1ously translat1ng part1cles then osc111ate back

and forth about fixed - poswt1ons (Hammond and Sm1th 1977) It
is not Known whether these 05011]at1ons are a res1dua1
a component of an impaired transport process, or 1f they
n' result from an unre]ated process

: The osc111atory motion can only be dr1ven by thermal or,
act1ve forces Therma] forces result from surround1ng \

o mo]ecular mot1ons as with Brown1an mot1on, while act1ve

forces resu]t from processes redU1r1ng energy from ‘
metabol1sm If the mot1on 1s thermally dr1ven then it is

poss1ble to 1nfer from the character of the mot1on the

| v1scos1ty and other propert1es of the axonal m1crostructure

If 1nstead the process is active, then it is 11Ke1y related
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lto the mechah1sms which drive a;onal transport | |
d Th1s thes1s contatns a. study of severai aspects of the
osc1llatory motton of 1ntraaxona1 part1c1es First theff U.f‘,
vcond1t1ons caus1ng the res1dual osc111ations are e i |
1nvest1gated Second the act1on of a metabol1c blocker on
th1s motvon 1s exam1ned in an attempt to d1st1ngu1sh between
‘act1ve and thermal forces Th1rd the mot1on is
‘quant1tative1y analysed and calculat1ons are made of the °
standard dev1 tions of the dtsplacements, 1nstantaneous
ve]ocities. d@iﬁc1ty d1str1but1ons, and per1odograms These
'calculat1ons are then compared to pred1c&1ons from Brown1an
theory, and to s1m1lar calculat1ons obta1ned from
transport1ng‘part1cles. By these_means.'lt 1s;poss1blemto -
conctude‘whether'the OScttlatory motion results from thermal
,'motiondor if it s a coMponentfof‘aXonat-transpOrt

In add1t1on to the study of osc111atory motion w1th1n
aXons, axonal mlcrostructure 1s exam1ned to see what effect
;th1s has on part1c1e mot1on For this purpose, axons‘were..
frap1d1y frozen and thawed and then either the.partic1e’ o
movements were - observed w1th 1tght m1croscopy, or the ."///
structura] changes were stud1ed with electron m1croscopy /
The f1na1 aim was to attempt to character1ze the mot1on
of 1ntraaxonal partwcles By means of the quant1tat1ve !
~methods used in this study it was hoped that the results
wou ld al]ow a cr1t1ca1 exam1nat1on of the preva111ng /
theor ies of axonat‘transport,fand perhaps allow a better

~understanding of the mechaniSmshinvolved.'

~
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In the remaining introduction. the\cubject of axonal
n'transport is’ rev1ewed Particular emphasis is piaced on the
o'motion of . optically detectable organelles withtn ce]ls, and

"Vthe conditions which produce»osc1llatory motion\within
neurons Because the cytoplaSmic med i um which coﬁtains these
organelles also affects their motion,athe physicai
*properties,bf axoplasm are rev1ewed Finaily, severai
,postulated mechanisms for fast axonal transport are :

_ presented and crit1c1zed

1.2 Axonal Tnansport ‘ N R _
. a \ . . | | y ) 3 | . » N \\\‘\ ) . ‘ . ; B . '\\\. b &. ‘. I
1.2.1 Genera1 Features N | B
Axonai transport 1s a ]arge anﬁ compjex subJect I

\
this rev1ew only areas pertinent to this thesxs are

discussed The reader 1s referred to -other rev1ews :
 more general coverage (OChs 1974 Schwartz 1979 Grafstei

.and Forman 1980)

Axonai transport can be cla551f1ed 1nto two broad

oategories basedvon the,speed of transport (Grafstein and
‘ﬂjForman 1980). The first is s low transport, or axona] flow.

It occurs at speeds of 0.4 toéﬁimm/d.-The ma jor structurai_

components of axons: microtubuies, neurofiiaments, and actin

‘filaments are transported at these speeds ‘ | ;

| This study dea]s primarny w1th the second category—

. iast axonal transport In fast transport thevspeedsﬂmay

~. .
N
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Jreach 500 mm/d A wtde var1ety of. materials such as

_.protelns, 11p1ds. synapt1c transmitters. aﬁd var1ous enzymes

are.transported via the fast system (Grafste1n and Forman
'}980) Table 1.1 contatns a l1st of some of these mater1a]s.

Many. diverse mater1als are transported at 51m1lar rates

dti(Sabra and. Ochs 1973)

Rapid axonal transport is b1direct1onal Materials."
fﬂorigtnating in the cell body, are transported to the |

J:term1nal -axon where they may reverse d1rect1on and be f“

~

transported back This reversal of transported mater1al was

‘well demonstrated in stud1es of [“C] 1euc1ne&tranSport

erghorn chickens . (Bray etval 1971) Exogdnous mater13ﬁ

. at the axonal term1na1 and be transported to the oell body

‘at speeds of 264 £ 33 mm/d (Sh1e]d et.al. 1977) Genera]ly,d
the speed of retrograde transport is. s]ower, but it is st111'

“w1th1n the same order of magn1tude as anterograde transport .

7Retrograde transport is affected by the same agents that
1nh1b1t anterograde transport (Grafste1n ang_Egrman 1980)
These. 51m1lar1t1es between retrograde and anterograde
transport suggest ‘that they both depend on equ1valent
mechan1sms '"\,b - ' R, | .

The form of the mater1a1 transported w1th1n axons has

h been stud1ed Sabr1 ‘and Ochs’ (1973), work1ng w1th the

transport of [3H] 1euc1ne in cat sc1at1c nerves, homogentzeds

"~ and then centr1fuged the transported mater1a1 They found a
smal] proport1on of the transported mater1a1 was soluble

. ‘{\'

[N



‘_5.‘ substances Transported By Fast Axon 1 Transport

Vv

e R .kg K Mgmgrang Constituents
DA ';~proteins ‘

S glycoprote1ns
11p1ds s

a
—— T

: thaétic Trgnsmittérs;
norepinephrine
: : acetylcholine:-
gt : - -segpotonin
| 'dopamine
Transmitter ﬁe!ated Enzymes
"choline acetyltransferase
dopamine fB-hydroxylase:

- _monoamine oxidase . :
lwcatecol o- methy]transferase

-RetrggraQe Trgnsgg of Ex ggenou Mater1als '
- |  nerve’growth factor *"/.

horseradish peroxidase ~
~tetahus toxin
cholera toxin ,
herpes s1mplex v1rus
o o ... rabies virus ' o
— o .~ varicella zoster virus ' =
T AR ”;p011o virus ]

While_mOSt‘wasiparticUTatei‘Ih another study, Elam qﬁd

Aghanof? (1971)Eanalysed'tranSportedb[3H] proline and {3H]6

asparag1ne from goldfish opt1cal nerves In th1s study, 80%
-

- of the proteln transported was assoc1ated with part1cles In



a third study. Cancaion and Beidleﬂ@%ﬁ975) working withk
[3H] leuc1ne in garfish olfactory nerve noted that most of
vthe rapidiy transported material was associated with
constituents of. cell membranes . These findings have been ‘
confirmed by many 1nvestigators Transported materials are
generaliy particulate and are. associated with membranes
ft(Rambourg and Droz 1980). | o - P
' The classification of axonai transgggt,inte~fast and
" slow Egmggnenisk+mmrtﬁﬁﬁi7§isputed by some researchers. In
P
vivo experiments w1th the transport of [3H] leu01ne in |
'rabbit hypqglossal nerve.have shown:four separate groups of
materials movingvalong nerve at'differe:tirates (Appeltauer
and' Korr 197Si In other:experiments mith [3%S]“methionine»,
’and rabbit: 0ptic nerve, Lorenz and W1ilard (1978) claimed to

find five groups of transport:,

7

&

1. polypegtides transporting ‘at-greater than 240 mm/d that
were a55001ated\w1th membranous materiai
,2:“prote1ns {ransporting at 34 to 68 mm/d that were
| asst iated w1th mitochondriai materiai |
3. actin binding polypept ides; actin, and tubulin -
transporting at 4 to 8 mm/d,
4. similar material as in 1tem 3 transporting at 2 to 4
' ~mm/d, | A
5. “high‘density materials such as neurof i Taments -
transporting at 0.7 to 1.1 mm/d. o
Whiie'the claSsification,oftaaonai.transpont into several

"distinct components remains controversial, these findings do -

e - S
e

N
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indicate that different‘materials are transported at

+

different speeds. . e 3

1.2. 2 Methods Of - Observing Axonal Transport'-

&

| Many different techn1ques have been used to study
axonal transport In. an early experiment, We1s; and Htscoe

"(1948) found that nerve became distended Just prox1mal to a

.constr1ct1ng lesion. They postulated a d1stally directed

flow of axoplasm towards the lesion Later exper1ments

'demonstrated accumulat1on of. rad1olabeled mater1al at d1stalm

sites. One example of these later exper1ments involved the: _

accumulation of [3H] leucine 1n the optic tectum of
goldfish,, after being transported along the: opt1c nerves
(McEwen and Grafstein 1968). " By means of b1Qchemical assayw
thls accumulat1on can also be conf1rmed For example, ﬁ
Lubinska and N1em1erko (1971) found that acetylchol1n—-
esterase accumulated at the ends of transected dog nerves»
These accumulation stud1es prov1ded a way to. conf1rm the , .

-transport of materlals w1th1n axons

[N

The transported mater1al can be analysed by add1t10nal'

techniques. Cell fract1onat1on and: gel electrophores1s are

useful methods. Cell fract1onat1on has been ment1oned

previously (Elam and Agranoff t971) W1llard -and assoc1ates

(1974) stud1ed ‘the . transport of [35S](méth1on1ne in rabb1t
retinal neurons us1ng gradient gel electrophores1s and g
autorad1ography They found 43 d1fferent polypeptides in’ the
transported mater1al Both cell fract1onatlon and gel

K



. ‘
electrophoresis demonstrate the heterogenoLs_compositiln'of
'transported materials. -

Radloisotope techniques have been very 1mportant in
studying axonal transport. Autoradiography‘hnd liquid.
scinti]lation counting are the ﬁain techniques Droz and ,
Leblond (1962) used autorad1ography to find thit [3H] T
leucine moved as a distally-directed front within rat
 sciatic nerve at a speed of 1.5 mm/d. Moreover, it is
possible to infer the progression of radiolabel within axons
by using l1qu1d scintillation counting. Lasek (1968) treated
the ganglia of cat-sciatic nerves with [3H] ]eucine. He then
incubated nerVesvfor'sequentially longer per{ods of time,
before segmenting each nerve and ana]ysingﬁ;he ahount of
"radioactiVity in each segment. Lasek oonc1oded that
transport occurred at speeds of 500 mm/d and 1.3 mm/d. A
‘newer technique even allows the measureMent of radioactiVify
as it is transported within living and intact nerves. This
- newer technique employs a radiation imaging device (Snyder
et al. 1976). - o |

"Ahother method of observing axona1 transport inleVes
dark-field, *phasefconfrast' or Vomerski microscopy (Allen et
al.‘1969) By these opt1ca1 methods, organelles were |
observed to transport 1ong1tud1na11y w1th1n axons (Cooper
and Smith 1974; Forman et al. 1977a). Opt1cal methods were

used in the present study and are discussed. in greater

detail in a fo]]ow1ng sect1on.



| ) | " . )
1.2.3 Inhibitors Of Fast AxonaT Trahsport
Many different agents will inhibit fast axonal

transport (Table 1.2). For some of these agents the

- mechanism of inhibition is not olear LGrafstetn and Forman

1980). The inhibitory agents used in this study are

4

discussed in the following text. .
Colchicine inhibits .axonal transport (Edstrom “and

Mattsson 1972; Hanson and Edstrom 1977). Colch;cine also
depolymer izes microtubuleﬁ\(Margolis and Wilson 1881). These
two actions of colchicine suggest:that intact microtubules -
are requtred.For axonal transport. However.‘Byers'(1974)_
reported the continuation of transport of ' [3H] proline in
rabbit vagus nerves desp1te depleted numbers of
m1dr//ubules Thus a dependence of fast axonal transport on
microtubules remains controversial (Grafstein and Forman

1980) .

Low temperatures also inhibit rapid transport

" Brimijoin and assoc1ates (1979) observed 1nh1b1t1on of

transport at temperatures below 13° C in rabb1t nerve and =
10 C in frog nerve. Other workers have noted stmtlar
temperature effects (Grafstein and Forman 1980)ﬁ' Low
temperatures a]so cause microtubules to depo]ymer1ze
(Rodr1guez Echand1a and Piezzi: 1968) Indeed, Brimijoin’s

group found . a decreased density of miCrotubu]es in cooled

‘fxons However, they also noted that . transport cont1nued

despite 35% fewer microtubules 1n rabb1t nerve and 65% fewer'

in bullfrog nerve. If microtubules are necessary for -
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) TAII..E 1.2 ‘
lnhlbitoro Df Fast Axonal Tranaport

~colchicine destruction of microtubules
vincrigstine
vinblastine
podophy1iotoxin
griseofulvin 4 : . S
-—high [Ca*2] ' ‘ - oy o - b
low temperature - ‘ » ' S Co

heavy water stabjlization of microtubuljs
dimnthyISUIFOX1de (DMSO) o ‘ //9

dinitrophenol (DNP) ' blocked oxidative metgpdﬁ}sm,
sodium cyanide -

- 100% nitrogen | ‘ / .

chlcium che]ators "/Wtﬁi—f/"removal ----- of//9161um

batrachotoxin sodium/fTUx into cel]s

= 4 -

transport, then norm

éssary for transpért

than are %jf

/ "High calc1um ion concentratlons will 1nh1b1t transport
Edstrom (1974) noted such an effect with 15 tor 20 mM Ca*2;

thls was concurrent w1th decreased m1crotubu1e numbers on :

electron m1croscopy A1so m1crotubules are depolymer1zed by _

"high calcium ion concentrat1ons-(ﬁchl1wa~et.al. 1981). While
| these nesults suggest a dependence of transport'on
mlcrotubules, ‘they have been coﬂtested Brady and assoc1ates/
\/

(1980) clalmed that fast transport of [3H] prol1ne pers1sted

in rat scnat1cgnerves exposed to 75 mM - Ca*?, desp1te a

rve must céntain more microtublles .’

!
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complete loss of microtubules. Not only has the dependence
of irinaport*on microtubules ‘been disputed by Brady, but
“also the 1nh1bitory action of high'calcium fon
concenﬁrqtionc on thanspopt has been questioned.

Heavy watef.1nh1b1ta'axonal transport (Anderson et al.
1972). While heavy water stabilizes microtubules and
increases the coﬁsistency of cytoplasm, its action on axonal
‘transport is not fully understood. An effect surely from the
increased viscoéity of'h@gvy wgtér (1.2631bjf¢Pais) versus
that of water (1.01x10-2 Paes) should”hdf*be enough - to
account for inhibited tnanSport

Dime;bylsu1fox1de, in 10% concentration, also blocks
-4rap{a/1ransport (Donoso et al. 1976). This effect may be
secondaﬁy(to DMSO pneventing'micﬁotubules from
depolymer1z1ng If th1s stab1l1zing action of DMSO is-
-respons1ble for 1nh1b1t1on of transport, then this could
vwmply that microtubules must be able to.depolymerize in
vordér to function. Dohbso’s'gﬁoup also noted that DMSO
caused marked changes in Croséfsectional>area of axons.
These area changes may result from alterations ﬁn the axonal
microstructure. Perhaps, structural changes‘unﬁelated‘fo
mtsrofubules;arééwhat allows DMSO,tolihhibjtltrénsport.

. Dinitrophenol inhibits transport within fifteen minutes
Lof itg applizatibn to nerves (Ochs and,Hb]]ingsworth 1971).
Sihce DNP is Kngwn to block oxidative phosphdrylation, a
reasonéble conclusion is that transport critically depends

upon oxidative metabolism.
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1.3 Organelle Transport

1.3.1 General Desoription ;

. The irregular motion of organelles within living co}lo
has intrigued many investigators. Rebhun (1959; 1972) used
the term saltatory to dosg;ibo this motipn. In order to
differantigte saltatory motion from Browntan motion he
devised several criteria based on the characteristics of
motion. These criteria were:

1. intermittent and variabl§ jumps of several microns,
velocities of several micrometers per second,

discontinuous changes in velocity, and’

H W N

a discontinuous and non-Gaussian distribution of léngths
of jumps.
Rebhun concluded that the fourth point best differentiated
saltations from Brownian motion, since Brownian '
displacements have a Gaussian"dis{bibution; He also
estimated that the lengths of saltatory displacements could’
possibly be thhin the probable range for Brownian motion;
thus this featﬁre was of limited Usefu]ness.

Saltatory movements occur within a variety of cells. In
. this work, the movements of parficles within axons are
§tudied. The -motion of intraXonal particles has been labeled.
>sa1tatory.(Re§hun 1972). This motion is discussed in greater
detai] here. J
" Organelles may be §bserved transporting within living

axons by means of dark-field or Nomarski microscopy. Cooper

e

.
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RITR and Sm1th (1974) observed oréhnelles that were 0.2 to 0. 5

micrometers in d1ameter moving in both d1rect1ons,

long1tud1nally, w1th1n axons of Xenopus Iaevls The rat1o of

the number of parttcles travell1ng d1stally to those

.travell1ng prox1mally was . ten to one Individual part1oles

“exh1b1ted unexpected stops. starts, and part1al reversals in

d1rect)on..The.velocttles of individual partuclesrvarted .
with tine but'werevgenerally arodnd'one.miCrometerﬂper
second. These observations of oroanelle movenents have'been
reproduced by other workers us1ng d1fferent preparat1ons
‘(Breuer et al. 1875; Forman et al 1977a, Leestma_and
Freehan'1977l. | =

JThe type of organelles involved in transport_has‘been

‘ recently studled (Smith 1980) By means of electrdh -

m1croscopy of axons from Xenopus laevis, these,organelles
have}been Jdent1f1ed as dense lamellar bodies, membranols

vesicles, multivesicular bodies, and small mitochondria..

' Clearly, transport'iS'not specific to one type of organelle.

While rad1owsotope studies have demonstrated a
sign1f1cant tranqurt d1rected tbwards the axonal‘terminal,
optical'studies have'shown{predominantly retroorade "
transport.pltlhas been proposed thatdmost anterogradeVMOvlng
particles are'too small to be resolved by‘lﬁght-microscopy
'(Forman et él- 1977a) . Indeed electron miCrosoopy of axons
has shown ‘an acoumulatlon of organelles on both s1des of
constr1ct1ng lesions (Smith 1980). On .the dlstal s1de of a

7

constr1ct1ng le51on the organelles were larger and
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reso vable by 11ght m1croscopy On .the proximal side,
mv membrane bounded organelTes of ablut 50 nm diameter
| aoc&mulated The 1nference heré‘Wa% that these smaller
organelles accumulated as a resu]t of axonal transport

Thus' it is reasonable to ‘assume thet anterograde transport

inVolves particles t00 smal] for opt1ca1 reso]utlon

Severa] other character1st1cs of opt1ca11y detectabie
‘ N

movement within axons have been documenteo

1.  Both COOper and ‘Smith (1974) and B?euer et al (1975)

| '”noted that 1nd1v1dua1 organel]es moved 1ndependently of.'”
other organelles

.2f”‘Forman et . (1977a) noted that wh1]e organe]les moved

” predom1nant1y a]oﬁg the long1tud1na1 ax1s,,there was no‘x

© ev1dence that part1c1e mot.ion was restrvcted to spec1f1c
channels w1th1n axons.

3. Leestma and Freeman (1977) found that eome particles
‘moved back and forth several times over ehort distances
before oassing nonmoving organelles or“obstructions.

From these observat1ons it 1s ev1dent that organe]]e

movements within axons are- compl1cated

How: wel] does. the term saltatory descr1be the motTon of

1ntfaexonal particles? Wh11e the 1rregular movement of .

organe]les 1n some preparat1ons grossly f1ts th1s'

. descr1pt1on (Leestma and Freeman 1977; Forman et al. 1977a),

Cooper and Smith (1374) noted that most organélles showed

"an almost continuous motion which took place in what

. . I }
- appeared to be major periods of acceleration and retardation
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. of about. ten m1crometers length" A more soph1st1cated
analys1s of movements within axons of Xenopus Iaevrs (Koles
et. al. 1982a) clearly showed that particle veloc1ty was a
smooth cont1nuous functlon of time. Veloc1ty did, however,

| change more abruptly with pos1t1on When d1splacements of
part1cles were analysed with respect to t1me s1gn1f1cant
vlow frequency var1at1ons in pOSlthﬂ were found superlmposed,
on l1near trends STnce saltatory motion, by def1n1t1on. iss‘
character1zed by abrupt changes in velOC1ty and position, |
the movement of organelles wﬁth1n axons from Xenopus laEVIs

does not- seem to be saltatory

1.3.2 Inhibitors Df Organelle Transport
) If the transport of opticallyidetectableforganelles .

within aXons COrresponds toéthe transport'of radioactive

labels'in nerves then agents affecting transport of —~
radwolabel should also 1nfluenFe organelle transport '(i:i:::gkf’

'Indeed studles done w1th d1n1trophenol (K1rkpatr1ck et al

1972), colch1c1ne (Hammond and Smith 1977) “and’ w1th low |

: temperature (Forman et ‘al. 1977b) demonstrated 1nh1b1t1on of

' organelle_transport. There are no reports on the effect of

dimethylsulfoxidef'heavy water, or h1gh calc1um ion

concentrations'on organelle'movements"lt is, however

reasonable to conclude that optically detectable transport

and rad1o1sotope transport are d1fferent aspects of the same ;

process.
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. 3 3 Oscﬂlatory Motion Of Organelles

In un1mpa1red nerve,%most 1ntraaxonal part1cles w1ll
’transport in one net d1rect1on Reversals 1n direction are
'1nfrequent‘ occur over d1stances of less than one |
microheter, and are trans1ent Part1cles‘have a strong
tendency to move 1n_one d1rect1on (Cooper and Smith 1974;
‘Breuer et-al. 1975; Leestma and Freeman 1977; Forman. et al.
1977a). In only.4 of 1000 part1cles tracked'by,forman s
1group didvparticles reverse their net directton. A‘sma1]~
'numbersofsparttotes wili'move,backland=ﬁorth about fixed
kpositions Lee:tmavandfFreeman»(1977) observed~thts fixed
mot1on in 5 of 272 part1cles us1ng cultured mur1ne sp1nal
chord Thus‘a generatftendency»for part1cles to move in one
| net’direotion is‘clearly‘evident but‘there‘is'also:some
capabil1ty for a part1c1e to reverse its direction. |

Certa1n agents ‘will 1nh1b1t organelle transport

“]eav1ng a residual back and forth motion about f1xed

t»'pos1t1ons Hammond and Sm1th (1977) observed a one

"m1crometer wobble of %rganelles about f1xed posxt1ons w1th1n
axons of Xenopus IaeVIS that were exposed to colch1c1ne
This effect,was observed dur1ngva phase of part1a1
"inhtbition of transport of organe1les S1m11ar1y, Hor1e and
‘assoctates (1981) observed a f1xed wobb]e of organe]les
wtthin cultured nerve of chick embryos_that were_treated
witn oo]chicine.vAnothervobservationeof back and_forth'
organetle movement was made in association with constricting

aXonal lesions in‘Xénopus'laevis (Smith 1880). In this

a
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preparation scme~pantic1ee mOved ack and forth over
.distances'of Up'to twenty micnometers No other cond1tlgn§_
:producing back and forth mot1on within axons “have 6;25 '
‘described. Ne1ther is it known whether the wobble produced
by certa1n 1nh1b1tory agents is re]ated to the trans1ent
back and forth motion observed in un1mpa1red nerve Ih this
_‘thes1s the cond1t1ons produc1ng th1s osc111atory mot1on are'
.1nvest1gated ,m' ‘ ‘
The s1gn1f1cance oF the res1dua1 wobble 1s unknown
Th1s wobble may be a res1dual component of un1mpa1red .
tnansport It could be an exaggerat1on of the perens1ty for
transportjng‘particﬁes_to reverse dihecticnl Onhthe,Other
) hand,*thie wobbje,may‘beia fonmvcftBn0wnian moticn.dThis

present study . is an investigation of thiS>residﬁa1jwobee.

1.4 Physical Properties Of The Cell Interior Affecting
Transport | |

1. 4 1 Intraaxonal Structure

Axons contain an abundance of subm1croscop1c

—_
o~

_strUctures. Be51des m1tochondr1a, smooth endpplasmmc
| reticuium' -and crgane11es moved in tranSpont there'ts an
abundance of f1br111ar elements (Table 1.3). M1crotubules
- and neurof11aments are the pr1nc1pal f1br111ar elements v
c(Bray and G11bert 1981) These f1br1ls extend 1ong1tud1na11yi'

’wﬂth1n axons. Weiss and Mayr (1971) found an: order]y

[
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was constructed from the fibrils Envelop1ng this

vmultivesicuTar bodies. This’framework could constrain fhe

CTABLE 1.3 [ L e
Main Fier'lar Constituents Of Axons o

G,

L)

Structure , o Pp ggert1g ‘\

Microtuoule o long cy11nder composed of tubul1n

25 nm 1n diameter-

Neubofilameht*Avf : - 10ng 11near polypept1de rod
S ~ 10.pm in diameter -
the commonest const1tuent of axons

. Microfilament ~ ‘actin composed fiber ~

7 nm in diameter ° *° SRR

Varrangement of fibrillar componehts'within rat nerve;

Neurofiiaments Were‘evenlymspaCed‘0;04‘micrometers}apart{

' and-microtubulee\eXtended along the axoh’s Iength The role

-

of these f1br1llar e]ements is unclear (Bray anq G11bert,

1981) These elements may have a ro]e 1n ma1nta1n1ng cell

vform; and 1n 1ntrace]1u1ar transport

Pocter, Byers, andLE]11sman (1979) proposed a more

'defihite role for these fibrillar constituents. Theyqbased

their speculations on the results ofphigh-voltage electron

microscopy. In their model.‘a.“three dimehsiOnal laftﬁce"

a

' "cytoekeleton' was an aqueous phase Extend1ng from the

framework were ' m1crotrabecu1ae B 11nk1ng the framework to

vesic]es,‘plasma membhane, smooth end8p1a5m1c-ret1culum, and

i

- :
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e"Brownian‘motion of .particles contained within, and local‘:

fconformational changes could 1nduce saltatory mot1on of

these part1cles However even 1f the structures observed
/

- were not~art1factua1‘ the1r dynamlc propert1es and function

remain hypothet1ca1

There are several ways that 1ntraaxonal structure coqu'

affect transport First, it is reasonab]e to assume that one

" or more of the structures, seen with electron m1croscopy,

y

‘are 1nvolved 1n the mechan1sm for axonat transport Second,

. the fibr1TTar eTements ma? constra1n organelle mot1on to

- 1.4.2 AxopTasm1c V1scos1ty

certa1n d1rect1ons*or regions within axons. Th1rd these
fibr111ar structures may alter the viscoelastic propert1es
of the1r surround1ng axoplasm thus affecting res1stance to

organelle motion.

a

The viscous resysiance_oi.axoplasm 11Ke1y 1nf1uences e

the transport of organe]]es' B1ond1 and assoc1ates (1972)

measured the v1scos1ty of frog axoplasm by 1ts flow through

3 m1crocap111ary tube They found a v1scos1ty of 103 Pa-s

Also, they noted that axopTasm was pseudoplast1c, that is,
v1scos1ty decreased w1th 1ncreased rate of shear In another
experiment, Rub1nson and Baker (1979) forced axopTasm from
squ1d giant axons through a ce]lulose acetate tubu]e The
squid axopTasm had a viscosity.of 15 Pa-s, and ‘a yield
stress_of 11 Pa. Treatment of squwd.axoplasmlw1th m11]tmo1ar

calcium‘solutions reduced its vjsCosity'markedTy.
T' °

\
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Different techn1ques ﬁtoduce different viscos1ty
values Using the electron spin label Tempone, HaakK and
associates (1976) found a viscos1ty of 5x10-3 Paes w1th1n

cat s01atlc nerve. A]soeArhem,(1975) with his current clamp

anthod on Xenopus laevis axons, observed that diffusion

coeff1c1ents for small- 1ons were s1m11ar to those in water.
Th1s 1mp]1ed_a viscosity similar to that of water.

- Two conclusions can be drawn from the viscosity data:

. g .
1. The difference between the bulk viscosities of Biondi

and Rubineon'and the microscopio viscosities of Haak and
Arhem arises from struotures within the axoplesm”
2. Viscous resistance to a partiole’é.moVement deoends.upon
the_partic1e’s Size‘in relation to the microstructure.
1.4.3 Brownian Motion Of Organelles |
‘Brownian mot ion may oocun within cells (Shea and

Karnovsky 1966) . It is’difficu1t however, to d1st1ngu1sh

f between Brownian mot1on and. the mot1on caused by metabol1c

processes. It was for this reason that Rebhun (1872) defined:

»h1s criteria for sa]tatory movements Generally small,

rapid, and randomly d1recteo movements oén.be attributed to
Brownian motion.vTaylob (1965) observed tw0'types of |
movements ‘of part1cles in cells of Tnltus v)rldescens One
cons1sted of twenty micrometer d1sp1acements occurrlng in up
to three second intervals. The seoond consisted of finer
randomldisplaoements.'Taylon déeignated these movements as

saltatory and\Brownian'respectively. Piddington”(t976) was
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able to distingu1sh between saltatory and Brownian mot1on
within cells of Nitella by using laser light scattering The
photon correlations P1ddington obtained had d1fferent forms,
depending on the manner in wh1ch partlcles moved w1th

_respect to each other. In both of these exper1ments the

d1st1nct1on between Brown1an and active processes was based '

-

ra v

' (
Within cells of highly developed organ1sms, Brown1an
motion is not eas1]y observed (Shea ‘and Karnovsky 1966).
This is probably due to a more structured cytoplasm

constraining any organelle movement.

1. 5 Postulated Mechanisms Of Fast Transport
‘ The mechan1sm of axonal transport is unknown. Severa]
models have been proposed (Table 1 4). Models for axona]

transport can be classified- into three groups

e Y
1. ratchet mechan1sms, .

2. fluid flow mechanlsms,
3. smooth endop]asmic reticoTum mechanisms
(Grafste1n and Forman 1980) Partic]es are tranSported in

the ratchet mechanisms by a series of 1ncrementa] forces

exerted by a motionless structure. In the f1u1d flow mode]s,’

material is transported within a stream of axoplasm. The
final group involves transpprt within a continuous system of
smooth endop1asmic reticolum; Current examples of each

mechanism are discussed in the_fol]owing text.

¢

i o i e
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. . TABLE 1.4
" Models For Fast Axonal Transport
Ratchet Mechanisms
Schmitt 1968 - particle microtubule interaction
Ochs 1971 . | transport filament
Samson 1971 . . particle-anionic polyelectrolyte
. . o Jinteraction
Kerkut 1975 coded vesicles on transport
' filament
, Goldberg 1978 ‘ reversible particle carrier binding
Rubinow 1980 L reversible particle-carrier binding
Fluid Flow Mechanisms
Weiss 1970 = ' peristalsis in m1crotubu1es
"~ Gross 1977 - microstream flow
- Odell 1976 .o flow induced by osC1llat1ng
¢ _ ' filaments
Smooth Endoplasmic Reticumni (SER)
\ Droz 1975 transport within’ SER
.Dther Meehanisms
-HejnoWicz»197O _ . longitudinal electro-osmotic forces

.3;1.5.1 RatchetvMechanisms
In Schmitt’s.(tQSB) model, particles are transported Ly ‘
a series of. 1ncrementa1 forces exerted by m1crotubu1e
tracks.'Each particle successively binds to a'microtubule
‘and is released as a new bond forms fuhther.aleng the

mtcrotubule. Schmitt did not explain the mechanism of

'microtubulevbﬁhding. However, Samson (1971) provided ‘a

4

b e s AR 5



23

- further modification of this theory that did. Samson
proposed that microtubules are coated w1th a layer of
| anionic;polyeledtrolytes; These polyeleétroiytes. by means
of sequential binding of particles followed By' )
conformational CHanges and”release of'pafticles@ prpyide tHe .
mechanism to move particiles. - |
The prdblem of how a diverse varietyvéf materials—

vesicles, macromolecules, and soluble material— coufg be—
tranqurted'at the éame speed, led‘bchs (1979) to~prffgff/g//;,//~/
transport filament model. In this model, the material
transported is bound;to actin-like fi1amenf;..Crossyfigges//f’g//z
afe continuallysformed and broken between the filaments and— "
microtubules. Motion’occurs-inJana]ogy to-t slidiné -
filament theory of muscle..A transport filament thusjglides
,»along its microtﬁﬁafzyguide under the control of a Ca*? and
Mg*? dependent ATPase. “ | | |

- Kerkut (1975) developed his "coded vesicles theory" of
axonal transport in order to explain how'so many différent
materials could transport Withfdifférent speeds and\
directions. In this(theory,.the transported material is
éontaihed withih a vesicle. On the vesicie’s surface is a
specific profein, éoding the type of material, rate, and
airection of transport. TS each vesicle a specific 4
myosin-Tlike filament is boundi_Thé filament then slides
valong a framework of actin fibers within an axon, and
carries the yesicle:in thg‘requiredsdirection and speed asf¢

détermined by the coded instructions. Vesicles may transfer -

U . e b A R AT AS PR A s el L S o e iy s




from transport filament to fllament. and may even reverse
direction. ' |

Two additional models deal with particles binding to a

|

carrier system. In the first model Goldberg and associates
(1978) proposed that particles could alternate between
stat1onary and mov1ng states by reversibly bindlng to a
' carrier system.’ The carrier transports partlcles at a
T ll constant speed, and the fract1on of time a partlcle spends

moving depends on_the concentration of particles The net

e - . In the second model, ‘Rubinow and Blum (1980) assumed

reversible blnding.of_particles‘to a-carrier system and then
‘derived a,travelling wave solution. The carriers transport

‘at a constant group speed and by allowing dlfferent binding

I
e

constants for dlfferent materials. a w1de spectrgm/ef”

/

'transport speeds results Rub1now,s/theory has been shown to

'”be similar to\G g's theory (MacKey et o - 1981)1 o~

| - | o - ;,/Qloif”
1.5.2 Fluid Flow Mechanisms __— : B

Three examples luid f1

here. In the first-eXxample, Weiss (.1970) pqopbséd.tnat

anisms are discussed

matenial;/may'be transported within the core of m1crotubules T

\\\ by a perlstalt1c mechanlsm Axoplasm is prope led by
\‘. conformat1onal constr1ctlons propagatlng along ﬂeach
microtubule = o | |

;lhe second%example is Gross}s and Weiss’'s (1977)

microstream model. Hére transport occurs within m1crostreams
. 5 ' , o
. \ . . ‘ i :/ ’ ' ’ ’ 4/

t;_-’_'/_
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A

that flow in the vicinity of microtubules Mic{otubules. by
exerting longitudinal shear forces on their surrounding
axoplasm, cause the thixotropic axoplasm to liquefy and
flow. Larger particles are swept along within microstreams
while soluble material diffuses out of these streams. There
are thus two phases of axoplaén: | \
" 1. a stationary gel;’and |
2. a flowing sol. T e ‘ 2
Particles may reversib1y>bind to this/geﬂ'(Gross and Weiss
1981) with different,afftnitieS*depending on the chemical
nature of each par icﬂé/ﬁ}ne'result is'a~Qariety of e
tran Veloc1t1es, depend1ng on the aff1nity of the

o specific material for the gel With both anterograde and

/.-

////Ihe’Tast example of a fluid flow model was proposed by
T ’J/adell (1978) . In his model ‘a group of long1tud1na11y
e»»’“”yidﬂ orientated 1ntraaxonal f11aments 1nduce their surroundlng
| axoplasm-to flow by per1od1c contract1ons and relaxat1ons
Material 1s then transported within this f]ow1ng axop]asm
" For so]uble mater1a1 1ts speed of transport is proport1ona]
~  to the cube’ root_ofu1ts molecular mass . A Gm

e S ' N
- At Yoy N

1.5. 3 Transport Wlthln The Smooth Endoplasmic Ret1cu1um
Droz and Rambourg (1875) proposed that transportv
occurred w1th1n a system of smooth endoplasm1c reticulum.

_ This system they postu]ated extended cont1nuous]y

Vthroughout axons Varjous materials are transported distally

S NSRRI - e . . B T TS
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within this system. At the distal reaches of axons, vesicles
that contain transported material then bud off the
endoplasmic reticuium and migrate to the cell membranes. A
retrograde system for transport also extsts, but it moves
material contained within veélclos back to the cell body
"(Rambourg and Droz 1980). The actual mechanism for transport
was hot elaborated on for either the anterograde or
retrograde systems. | .

The final model discussed here does not fit into the
above classification. In this mode] HeJnowicz (1970) |
proposed that particles are moved by longitudinal
electrophoretic forces propagating along intracellular
fibrils. Each fibril'maintains a concentration gradient of
ibns;across its surface. A conformational change within each
fibril pfopagates aldng its length, releasfng its stdred
ions. The resulting variations in the surrounding electric
fields cause charged axonal particles to move along adjacent
fibrils.

\/—4 .
.‘ “"\\
- 1.6 Critique Qf Mechan isms
The variety of postulated models for'fast axonal
transport indjcatef that no particular model is generally
vconsidereg to be satisfactory. In this section evidence for

‘and against each'model is discussed. ‘ .

j_Schmitt’s (1968) and Samson’s (1971) models can be
éonsfderéaffvgether-since they both postulate that particles

»
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move along microtubule: tracks. Both of these models predict

a jerky motion ofAbarticles wi thin axons. This mot ion
resqlts from a sequential binding, movement, and release of
pant1cles from bonds formed in the v101n1ty of microtubules.

However, while the pred1cted mottons of parttc]es would be

- discontinuous, this mot1on‘cou1d-not exp]a1n the observed

variations in motion (Koles et al. 1982at.‘fhe'predicted

Jumps in"both Schmttt s and Samson s theortes would have to

: occur over “intervals s1m11ar to 1ntermolecu1ar dtstances.

wh1le the observed variations in motion occurred over

,several m1crometers

One maJor assumpt1on of Sohmttt's and Samson s theories

'is that m1crotubules funot1on as gutdes,'C1rcumstant1al

evidence does exist for some form'ofr1ongitudtnaT1y directed:

" . guide wtthtn axons (Smith and McLeod‘1979) The evidence

comes from the correlat1on of paths taken by part1c1es with -
the arrangement of- m1crotubu1es w1th1n axons However,»the

roIe of m1crotubu1es in axona] transport rema1ns

,controver51al (Grafste1n and Forman 1980)‘ If a structural

constraint ex1sts for partwcle movements, it does not
necessar11y have to b*“m1crotubules a

Netther Schm1tt s nor Samsoh’s models could explain how
different materials were transported at similar speeds. As

noted previously, this problem led Ochs (1974) to oropose

" his transport filament model. Conceptually, Ochs’s model is

appealing since it is ana]ogoustto the generally accepted |

-modeT for muscle contraction, Severa]_predictions/fotlow :
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from Ochs’ s ‘mode1 (Ochs i981):

1. Transport filaments should be isolable.
2. _F11aments shOuld b1nd to . the var1ety of mater1als
transported |
3. Crossbridges between filaments and their tracks should
- be demonstrable. | | | |
None of~theseApredictions has yet been confirmed by
e*periment. | p : '
Besides the fact that'diverse materials are transported‘
at similar queds, materials are also transported at | |

LR
different speeds Ochs's mode] cou]d not account for this

finding without modification. Kerkut (1975) modified the

transport f1lament model with his 'coded-vesicles theory"

'KerKut s model is cons1derab1y more compllcated than Ochs’s

model— this reflects ‘the complexity of axonal transport.
KerKut makes specific pred1ct1ons regarding the encoding of"

vesicles, an actin filament network, and the existence of

‘transport filaments. None of these features has been

confirmed by experiment.
One other problem with both Ochs’s and Kerkut’'s models
is the nature of the resulting motion. Recent observations

demonstrate a low frequency variation in velocity for any

individual particle (Koles et al. 1982a). There is no

feature of the transport filament models that allows for a

- variation in'velocity.fFurther modifications of both

theories are necessary to agree with observations.



‘Qoldberg's (1978) and RUbinow’s_i1980) theories both
have similar prediotions. The first*prediction is a
dependencevof transport speed on concentrationiof partic]es
(Mackey et al 1981). ‘ Goldberg"used this voredihction to .
exp]ain the behav1or of pu]ses of [3H] serotonin in neurons
- from Aplysia californica. However, a dependence of speed on
concentration has'not been. found by other investigators |

(Brimigoin 1979; Snyder 1982) ‘and this prediction remains
-controversial | | a
A second prediction from Goidberg s and Rubinow s

theories was saltatory motion. This results as indiyidual
particleS‘interact with carriers A jerky motion of
particles has not been observed with more advanced
c1nemicrographic techniques (Koles et al 1982a). On the
contrarya-the motion is smoothly varying The a]ternation
from m0v1ng to nonmov1ng states in both of these theories
was originally used to ‘account for sa]tatory motion w1th1n}
”'axons. Now that saltatory motion is known not to occur
within oertain axons, modifications to both theories are,'
reouired |

A third prediction from the two theories was a bimoda]
ve1001ty distribution This results from the alternation of
particles between moving and nonmov1ng states. Howevéﬁ? this
prediction is not suppor ted by observation. The observed
velocity distributions are unimodal (Ko]es et al. 1982a).

MaJor prob]ems arise’ from Weiss's (1970) theory of

peristalsis within microtubules Theretis no evidence that
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_microtubuies are capable of peristaltic changes in their
tstructures Furthermore,.0.2~micrometer diameter particles
‘have been observed to transport within axons{’they cannot
nbve»within‘25 Am diameter microtubules. A significant‘flow
ﬁd would have to ex1st out51de the microtubules 1n order to |

move: these particles.

In Gross's and-Weiss's (1977)'mode1 of transport a

51gn1ficant flow occurs in the v1c1n1ty of microtubules The

'microstream model is supported by the observed faster' o
‘transport speeds for particles re]ative to soluble material.

However this effect is predicted by other theories (Odel1

- 1976). More spec1f1c support would result 1f dyes were shown

transporting w1th1n microstreams. but this has not been
| demonstrated (Grafstern and Forman 1980) . Ih addition,
neighbour ing particles within a single mjcrostream'should

move in a coordinated manner since' they are passively

carried by the stream. Qu1te the oppOSite has been observed

‘P"‘t ,/".

(Cooper and Smith 1974; Breuer et.al..1975), motion between
particles is uncoordinated. |
Odell’s (1976) model for transport‘has some testable’

features: s

Q

1.  Speed of transport should depend on molecular ‘mass. This

“has not yet been verified .
2. A maxima] speed of transportvis predicted. This is
56,000 cm/d‘(RUbinowband Blum 1980), and-it is much too
- high. | o | . |

3. Neighbouring particles should demonstrate some

AN
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_oorrelation in movement.- As,noted aboVe;‘this has not
~ been observed. | | | |
Evidence for involvement of,smoothrendoplasmic e

reticulum with transpont tsﬂbased on electrOn'hicrographs of
radioautographs taken from axons (Droz and Rambourg‘1975)
This indirect method shows a close re]at1onsh1p of'l
,transported rad1olabeitw1th SER. However, the assoc1at1on
does not automat1ca11y imply that transport occurs.w1th1nr
SERd(SchWartz 1979) There:is also some controversy about'
whether SER forms a cont1nuous system w1th1n axons (Porter
et al 1979), a]thbugh the lacK of cont1nurty found by some
‘may be. due to sta1n1ng techn1ques (Rambourg and Droz 1980)
‘ Rambourg s ‘and Droz’s (-1980) mode1_1nvokes‘an add1t1ona1
'meohanisﬁ‘to'transport‘vesic]es from the axonaloterminals to
‘the,Cell'body. Since anterograde‘transportbof vesic1es‘ise
" known to exist (Cooper and Smtth 19]4), it seems'nuch'
‘simplervto're]y on one meohanism.for both’anterogradefand‘
retrograde transport rather than to introduoe'a new
mechan1sm for. anterograde transport.

. The phys1cal form of thebmaterial-transported is
important in some models. In Schmittts mode 1 material is’
“packaged within vesiClésJ,Infthe transport filament model it
is bound to carr1ers, and in the fluid flow mode]s it can be.
fe1ther part1culate or soluble As noted prev1ously, cell
fractionation: demonstrates a s1gn1f1cant'part1ou1ate

P

component of transport.. o S

£
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'Is there an advantage to transportﬁng'bartiCIes versus

‘small molchIe§7'The answer to this question mignt'be‘found

‘by study1ng the process of d1ffus1on The diffusion

coeff1c1ent D; is given by:

L4

y (1.1}

 Here, k is BOItzman’s COnstant (1.38x10-23 J/°K), n is

v1scos1ty, a 1s the rad1us of a part1cle and T is
\f\ )

"temperature For a part1c]e mbv1ng as a result of d1ffus1on,»\

_1the t1me requ1red to mpve a d1stance X is approx1mately

o

'x2/D However, for a part1cle moving as a result of d1reqted

transport, the time to move the~s€me distance is x/u. Here u =~
is the part1c1e s average Speed The ratio of the time to

move -a g1ven d1stance by transport versus that by d1ffus1on

is called the st1rr1ng number, s (Purcell 1977):

s = Xou/D. .
: : (1.2)-
. 7

The st1rr1ng number essent1a]ly 1nd1cates the effect1veness

'of directed transport in situations where d1ffus1on has a

sign1f1cant 1nf1uence on transport.

When s < 1, the movement of material is dominated by

'diffusion; It will take less time to move a given partiéle a

. distance x'by<diffusion, than by directed transport. If .
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1arge numbers of s1m1lar part1cles are observed then any
changes in the concentrat1on of the part1c]es, that are.
fcaused‘by d1rected transport, are dissipated by diffusion.

The'diffuston‘coefficient of the particle has a major
'inf]uence4on the stirring numbent Smati moleouleszéenerally
. have dittusjon coefficients of about 10-¢ m2/s. A particle
‘of 0;2.micrometers radius in water at 294'K has a difquion'
'ooeffﬁcient [Eq. (1.1)] of 1x10-'2 m2/s. With all other
‘oonditions being equal, the Stirring number is three orders
* of magnitude larger for the particie than for small
molecu]es -The d1ss1pat1ve effect of. d1ffus1on would be 103"
t1mes greater for the sma]] molecules. D1rected transport is
. thus more effect1ve with 1arger part1c]es than w1th sma]l
_molecules o _ ‘

| Mechanisms whereby part1c1es are transported through a

motionress flu{d can be compared to mechanisms whereby
~particles are carfied in a. fluid‘stream on the baSie of
theoretical oonsiderations Before this can be done 1t is
‘ necessary to understand some bas1c partxcle and fluad
dynam1cs »;1- |

- The motion. of a part1c]e w1th1n a flu1d is governed by
the balance between driving forces and viscous resistance.
For a sphericallparticle of maSSg m, moying'thnough a f]ut?x
and subject to a driving'Foree,>F, the equation of motion is
"N(McQuarrie 1976) ; ’

-



34

m du/dt = -6ranu + Flu,x,t). : _3),
o o : : 1,

Here the driving force 1s a funct1on of veloc1ty,ruﬁ
‘ pos1t1on, x, and time, t The viscous resistance affectwng

the particle 1s_g1venvby Stokes relation: -

. resistance = 6 Ttanu. . -
' -{1.4)

The power required to move the particle is simply:

- P+ = 6wranu?, - :
b T PElE o (1.5)

~Within a cell, the Qiscoéity shoﬁld not be less than
“that of wéter._Even wﬁen wjtﬁin water, microscopic pahtic]gs
wi]l experiehce‘differegt forces than machscopic bodies
(Purcell 1977). The ratio of inertial forces to visCous

forces is.termed‘the Reynoids number, R.

"R=aup/n .
(1.6)
Here p is the'density of the surrounding fluid For axonal
part1cles of radius 0.2 m1crometers, trave111ng at one

m1crometer per second, and w1th1n water of viscosity 1x10 3

Paos,and'density 1x103 Kg/m3. the Reynolids number ijs 2x10-7,
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Inertial forces on a particle are so small, thqy can be

‘ignoréd. Then the equation of motion [Eq. (1.3)] becomes:

e

6ranu = Flu,x,t).
: . (1.7)

A part1c1e S veloc1ty is d1rect1y proport1ona1 to its
- driving force |
| .Viscous Pesisfahce dissipates a partfcle's-Kinetic
_‘energy as heat. The enehgy.and momen tum oghpartic1es within
a viscous system éreonot conserved.
Turning‘from'particle dynamics to fluid dynam%cs,
- consider the lam1nar 1ncompress1b1e flow of fluids within
c1qcu1ar tubes. D1fferent equat1ons govern the motion {01son
}1967). The average speed, v, of a f1u1d mov1ng w1th1n a duct E
of radius, r, and length L is: |
a
,/’

v = Apr2/(8L7 ). .
T (1.8)

L ' o -
The pressure drop over the duct is Ap. The power required

to move the fluid is:

P'=”#nh/Ap.
. , (1.9)

Eliminating Ap between Eq. (1.8) énd'Eq, (1.9) gives:
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P- =8mnLv2, -
- (1.10) ~

This amount of power is d1ss1pated as heat from: the flow
w1th1n the tube ‘

w1th these basic principles from particle and &luid
-dynamics, it is now poss1b1e to analyse some of the nodels._
vFirst cons1der the forces necessary to propel a- typ1ca1
axonal part1cle through a mot1onless fluid. For a part1c1e o
with a, rad1us of 0.2 micrometers, mov1ng at one m1crometer
per second through axoplasm of. v1sc051ty 5x10-3 Paes. (Haak’
et al. 1976), the Stokes res1stance is 2x10-1'4 N [Eq. _/
(1.4)]. At this 'speed 2x10-2° J/s is dissipated as heat [Eq.
(1.5)]. Kaminura and Takahash1 (1981)‘neasured‘tﬁe.fbrce
"between s11d1ng m1crotubu1es of sea urch1n sperm to be 2 to
9 x10-'2 N per each dynetn,erm that extends from the
microtubu]esi %hts force islmdre than sufficient to propel
‘axonal partieles; The fdrCes necessary to propet‘axonal
particles are within'the range of known tntrabellular
precesses. | “ : s

The'power required to transport optically detectable
particies within an,a&on.can be érudeTy estimated. Cooper
'and Smith (1974) measured‘a particle flux of é particles/min
across a ten m1q§ometer transverse diameter in Xenopus
IaeVIs Assum1ng an optical depth of field of 1.5

micrometers (McLeod 1980}, this f]ux‘becomes'1x10'2
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pafticles/pmzos. With an average speed of oae micfometer»per
second, the density of moving.particles.js 1x10-2 particles/
pm?. If the power required to move one particle is 2x10-2°
J/s and the specific gravity of nerve is- 1 g/cm3, then the
,;power requ1red is 2x10-19° d/g-s ) |

Rang and R1tch1e (1968) measured the oxygen consumption
of resting ‘rabbit vagus nerve to be 9 03x10-8 mol/gemin. If
the main component of metabol1sm comes from oxidation of
glucose then for every six moles of oxygen gas consumed,
2.87x106 J of energy is released (Lehn1nger‘1972) TRE% the
basal energy con§umpt1on of rabbit vagal nerve is 7 2x10-4
d/gos |

The basai.energy conﬁumﬁtion for rabbit vagué'nerve is
several orders of magnitude greater than a rodéh estiméte of
the energy requiréd tO'transport:opticaITy detectable |
QartiCIés.:Even if oniy_a small fraction of trahsborting
daqtic]es were optically visib]g, the energy required to % 
© move them all wduld be much less than the basal rate of L
‘metabolism. | | |

Is'it'more:efficient to propel axonai particles through
a motionless fluid, or to carry them in a microstream? Using
Egs. (1.5) énd (1.70), assume similar_spéeds of trénsport (u
= v);«let L = the average,]éngth of microstreams, and a =
the avéfage radius of particles transpdrted..Define:
k+
k-
e

the number of partiéles moving per nerve,

the number of microstreams per nerve, and

k+*/(K-L) = the number of particles per unit length of
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one microstream. The: total power per nerve for each

mechanism is k*P* and k-P-. The ratio of total power is:

)

R+ = P-k-/(P+k*)

R+ = 4/(3ak") |
' : C(1.11)

If micéoéfream transport is to be more efficient than _
'pabtiqle transpdrt,.theﬁ R* < 1. More than 4/(3a) particles’
must then be packéd per unit -length of each microstream.

Even if this degree of packing is not consistent with
jobse%vation. tﬁfs does not rule out the microstream model.
If the énergy required for transport is oniy a small
fractionvdf'tﬁe'basalvbate, then efficiency may not beva.
limiting factor. Moreo@er, micrésfream‘flow may not be
‘ana]ogouswto'igméllar Newtonian'fiow withindfubes; then Eqs,‘
(1.8), (1.9), and (1.10) would not apply! |

Let us now consider Héjnowicz’s (1970) model for axonal
'transport One aspect deserv1ng examination is the energy
'requ1rement for ma1ntenance of the ionic gradients W1th1n
axons. He proposed a 3:1 concentration grad1ent of a
unlva]ent cation across each fibril in order to produce a SOﬂ
mV potent1al To ma1nta1n th1s grad1ent a minimal pumping
rate of 3.5x10-17" mo]/s was requ1red for each, ten m1crometer
length of fibrily He3now1cz also calculated that 15 ‘fibrils

were needed to move one particlie of 0.5 micrometers
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diameter. -
| From Hejnowicz's figurés certain conclusions can be;
drawn. If the péths of 0.5 micrometer particles are nat to
be restricted to certain areas of axons, a minimal density
of 7& fibrils/um? is requiFed to move the particles. This
: numbef is withinvan order of magnitude of the neurofilament
density in‘rat'nerve— 180 Fi]amentg/um2 (Weiss and MaYr
. 1971). Now the free energy change, AG, required to maintain
;he electrical potential across each fibril is (Daniels and

Alberty 1961): /

AG = RT In(a+/a-) + nFE. .
' ‘ : (1.12)

S

Here the gas cénstant, R= 8.3 J/moleK; the Faraé;y number ,
F = §.6x10‘ d/mblov; T = 294°K; the voltage qrgp across each
fibfilfs surface, £ =.30mV; the valency of the cation, n =
1; and the goncentratién ratio, a’/é‘ = 3. The Gibbs free
energy change is then 5.6x103 J/mol. If the mass density of
nerve is 1.0 g/cm3,wthen the power requirement fof
~ Hejnowicz’'s model is 1.5 J/ges. This ;alculation was based
on the minimal pumping rate, minimal fibril density, and the
Gibbsffree energy change. The resu]taht number ié over three
orders of magnitudexgreater'than‘the observed basal eneﬁdy J
rate within rabbit nerve.

Axonal transport is a continuous procéss. The energy

‘required for transport must be continuously supplied from
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the basal metabolism of nerves. Since the energy required
for maintenance of the ionic gradients in Hejnowicz’'s model
is so much greater than measured basal energy requirements

»

of nerves, Hejnowicz's«model is not feasible.

Axonal transport is a complicated procees}~w1th many
diverse features. Each mode] presenxed in this eectiqn can
explain some of these features, but fails to explain all
aspects of trangport. It is not difficult to create an
abstract model explaining, one ASpect of transport very well.i
Problems arise when that model is applied to the whole |
process Model construct1on shou]d be based closely on .

experimentation rather than on.abstraction.

1.7 Summary
j:In this chabfer the subject @ﬁgaxoqal transport‘has
examined. A general classification for tranépert was
introduced and the majorimethodsvfor studying'transport were
noted. |
S

Several agents, bnown to inhibit fast axonal. transport,
'were dlscussed The mechan1sms of action of some of these
agents suggested a dependence of transport on microtubules.
This dependence on microtgbules,'however, reﬁains
controversia]l |

The mot1on of Opt1cally detectable organel]es was

discussed. This mot1on has been descr1bed as saltatory,

however,‘recentwstud1es_have 1nd1cateq that this term is
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inadequate.JOrganeWIE;?\kitnin“certain aﬁons move smoothly
rather than with discontinuous jumps.=ﬁlso it was noted that
optically detectable motion is inhibited by the same |
‘ b]ockers that-affect -the transport'ot radioiabeis
Fast axona] transport and transport of intraaxonal
organe]les are one and the same. This conc1u510n is based on
the fo]low1ng p01nts
1. studies with cell fractionation showed a large
particulate component of transported material

2... biochemical ana1y51s showed an assoc1ation between the
‘material transported and membrane components,

3: electron microscopy showed an a¢¢umu1ation“of organe]les
near~axonal lesions, |

4. optical studies showed movement of;organeiles within
axons, and B | b_ o

5. theoretical conSiderations ‘showed that particuiate
.materiai may be more effectively transported than
diffusible materiai.

The few specific conditionS'causinQ intraaxonai
organelles to osCi]late‘bacK and forth about fixedfpositions‘
were discussed. Either metabolic'mechanisms‘or Brownian - .
forces are responSib]e for these osc1]lations

Intraaxonal structure was reviewed. In particular the
influence of structure on axopiasmic v1sc051ty,_and Brownian“
motion was discussed .

Finally, ‘the maJor postulated mechanisms for fast

axonal transport were discussed and criticized. None of
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~these mechanisms was entirely satisfactory in expiaihing
aXOnél trahsport.@ | " o - B |
In the-rema%ging chapters, thefnafure of the
oscitlatory motion of intraaxonal Qrgqnelléé is,étUdied:
Ffrst, tHe exper imental methods ngd jn this s%udy are
detailed, followed by the experimental results and

d

conclusions.:

e & it
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were adapted to this study.
. . ‘ i ¢

| 2 METHODS
In‘this chapter, the exper1menta1 procedures used in
this study-arevdescribed. Two different sets of exper1ments
were performedl o | |
1. experiments dealing with the effects of certa1n agents
that are Known to 1nh1b1t axonal transport ‘on the motion

of organelles w1th1n axons,'and

'2."exper1ments dealing with the effects of freez1ng on both

transport and fine structure of axons.

w

The first sectron of this chapter "describes the
\ﬂ H .

experiments with inhibitors of axonal transport. The

'4preparations for dark-fie]o microscopy. ére.detai]ed.

Following'this,‘the me thods of’quentitative_measurement~are

given, along with a discussion of measurement error.

SiThe second section of this chapter deals with the

freezing experiments. The methods for freezing nerves and

- observing organelle motion are discussed. A]so, the method

of preparing thawed‘nerve for électron microscopy is

detai led.

DN

In the final section of this chapter, t¥e analytical

»methods used in th1s study are descrlbed F1rst

theoret1cal d1scussxon on the ana]ys1s of random processes

is given, followed by a descr1pt1on gf how these techn1ques

.. o N 43
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2.1 General Procedures

2.1.1 Dark FIQ]d Microscopy

In the first set of exper1ments, the motaons of
‘opt1ca]1y detectable organel]es w1th1n axons were observed
after nerves were exposed to agents Known to- inhibit ax0na]
transport. Adu]t female Xenopus laevis were chosen as the

A"

animal model, since organe]le transport h?"~,

stud)ed in th1s—spec1es (Cooper and Smit '°.@$ k&les et al.
1982a) . The animals were decapitated; pithed, and their
sciatic nerves were dissected free |

The 1solated sc1atlc nerves were placed in solut1ons ofe
| ,O.TQ M potase1pm glutamate, and 10 mM HEPES (N-2-hydroxy-

ethy]piperazfq;

g2 iethanesul fonic acid), in deionized

1. fSome of the experrments a]]owed access of the external
solution to cell ‘interiors. .

2. ‘Standard.éingers solutions contain Ca;zuiohs~ﬁn
millimolar concentrations. | - |

3. Thefevis evidence that Ca*? ions in millimolar
.concenfrétiOns‘wil1_profound1y alter the interior
structure of cells (Perter ef al. 1979¢ Rubinson and
Baker 1979; Sehliwa et al. 1981). ) |

4. Calcium ions can also profound]y 1nf1uence.the movement

of 1ntrace11u1ar organelles (Shaw and Newby 1972).

/



5. Solut1dns conta1n1ng high potass1um glutamate
concent;;tions have been used sucessfully with permeable
'ce]ls {Adams et al. 1982).
6. Axonal trsnsport'is;not fhf]uenced by potassium
g]utemste soiutiens (Smith'1980).
In summary, the solut1ons used 1n these exper1ments~were
chosen to be compat1b1e wrth the 1ntrace11ular env1roment
‘Dissection and m1croscopy were performed w1th-spec1mens
immersed in the basic-potassium,glutamate solution. The
isolatedusetettc nerves the desheathed, teased.apart, and
mounted tn Dow-Cehning 710 fluid on michoscope sTides, These
_preparattons served és eqntbols,.demonsthating uninhibited )
axonal transport. | | »
In other preparat1ons, nerves were exposed to solutions
. conta1n1ng d1fferent 1nh1b1tory agents prior t@ being - . |
mqunted'on m1croscope slides. These agents were.( o '\—
A0 1 mM colch1c1ne, ' . _ ‘>
2. 1.3 M d1methytsu1fox1de (DMS0) , - o
3. 1 “mM dinitrophenol (DNP), | |
.4.3'10 mM calcium chloride.

 The inhibitors were all dissolved in the potassium glutamate

solution previously describedf'Different-incubatioh peniods
for nerves with each agent were required'before ahy effect
/on organelle transport could’ 'be observed. The incubation .
| per1ods ranged from 15. m1nutes with DNP to four hours with
co]ch1c1ne.f0ver 150 axona] segments in over 60 nerves were

-

studied. - ' ~ "‘ | L
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The preparations‘with ca]cidm chtohide added to the -
bas1c solut1on requ1re further -explanation. These i |
"preparatwons were des1gned to ensure entry of Ca+2 ions into
nerve cells. Other workers (Chan et al. 1980) have noted the
presence of a‘QJffusion'barrier to _Ca“‘2 ions in perineural
sheaths. Aﬁother barrier, within ce]l membranes of monkey
Kidney eetls,fis‘Knewn to preQent the‘entry of Ca*2 ions

| ihto“these cells, unless the cell membranes are .
. permeabilized by detergents (Schiiwa €t al. 1981). It is
..reasonablefto expeet a siijar barrier against the entry qf
Ca+2 ions into axons. Thus»crushed or severed:areas of axons
were observed with the expectat1on that Ca*2v1ons would
enter axons at these points more eas11y.’Areas-up to several
hundred‘micrometers,from the axonal 1e$idns were"bbserved: |
for any effect on erganel]e trahsport, It was'assumed that
Ca*? jons could eventuatly'reach theseeheQTOns as a result
of diffueion'fhom crushed regions. The_areaS'ObServed were
far enough from the axonal lesions that»any'local effects of
these ]esvons could be assumed not to 1nterfere with
organe]le grahsport |

In a different series of experiments, nerves were.
placed in one of two so]utions pr1or to being mounted for
microscopy. The first so]ut1on Was 0.18 M potass1um /ev \\\j~
'glutamate and 10 mM HEPES in deionized water with added KOH |

to give a pH of.7.0. This solution was 1.5 t1més i
.hyperosmolar to axop]asm The second solution was 0.12 M

pota551um glutamate in heavy water The pD of the heavy
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2 |
water solutions was adjusted to 7.4'usingja glass electrode
‘(Glasqevana Long 1960).'Nerves_were incubated in. these
solutions for ten minutes before being exémtned.
The nreparationq were.ex;mined with dark-field

-microscopy. A Zeiss Ultradarkfield‘condenser with a 100x

planachromatic objective and 1.25 Hntermediate‘lens was

-used. Light from a 12 volt quartz iodide lamp was f11tered/”

of* 1nfared rays before reach1ng the condenser

2.1.2 Meaeurement Technique

Within the microscope’s. field of view, distances were

calibrated with a ten micrometer grid. Calibratdon with this

?grid gaVera magnifiCation factor of 1. Ox104. A fiﬁe‘hire was
placed in the 11ght path proximal to the eyep1ece as a
positional reference Permanent records of the mot1ons of
intraaxonal particles were made with 16 mm 4X B&W (Kodak)
motion picture fi1m. The motion picture camera was driven at
‘three frames per second with a ca]ibrated'Servqutor.

Each 16 mm film was projected via a LW Photo-Opticalb
Data Analyser onto the”ground—g]ass screen of a ‘
Hew]ett Packard 987 4A d1g1t1zer The positions of
“intraaxonal partxc]es were digitized in frame by frane Y
vsequence. The movements of individual organe]les were thus .
recorded by measurement of their positions at successive
0.33 second 1nterQats.’Tne data were compiied nith a
‘Hew]ett—PacKard198458 computer and stored in a
Hewlett-Packard 98454 Flexible Disk Memory. Over 100 sets of
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data were obtained from over 3x104 separate‘measurements.

The measurements of'organelle positions were made

..relative to a wire reference or to some motionless and

A

weli-defined intraaxonal structure.. Only those particles
that rema ined in_focus’for,significant intervals and that
had round images, 0t2 to 0.5 micrometers in diameter, were
tracked. Each particle’s position was estimated from the

center .of .its image.

2 1 3 Measurement Error ,
There were severa] sources of measurement errcr
1. The digitizer had limits to its aCcuracy; Here, the
- error introduced had a standard deviation of 1x10-3

micrometers This was negligible

2. A.significant error was - 1ntroduced by the estimation of

ﬁ. each particle’s p051tion from 1ts image. The center of
each image had to be subJectiveiy estimated The |
standard dev1ations of these estimates ranged from 0.1
to 0. 7 micrometers, depending on the size of each I
particle This error was roughiy the order of a

particle S diameter

- 3. Drwft of some preparations on their microscope siides

1

was at times excessive. These preparations were excluded

- from measurement.

4, Vibratidn from the mot ion picture projector was

significant. To elimindte this error, positional

measurements were made relative to the wire reference

.
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point recorded on the motion picture film.
5. As individual particles were tracked, their images -could

= | ‘change in shape and size and vary in degree of focus. -

anly}those particles that had relatively constant images

were subjected to positional méasuremeht. |
Owing to the smal]liﬁchements in_positions‘beingvmeasured,
the error from measurement was a Sjgnificant factor. This
error was minimized by rebeated positional méésurements and
also by sbecific analytical techniques that are discussed

‘later.

. 2.2 Freezing:Experiments
[
2.2.1 Preparatidns For Light Microscopy
| \In the second grdup Qf experihents, fhe»effeéts of -
=freezing on\both ofgane11e tranSpdrt~and intraaxonal
structure Qére bbserved.'Isolated'sciatic nerves of Xenopus
laevis werefdesheathed and placed for 15 minutes'gn a
solution of: 0.12 M thaSSium glutamate, 0.13 M DMSO,’énd 10
~mM HEPES. The pH was adjusted to 7.0 with KOH. We used this
solution because of anticipated qhénées in cell permeability
after thawing (Daw et al. 1973). The DMSO was addedias a
cryoprotectant (Menz 1975); at theuconCentrations used, it
was not expected tQ inhibit axonal transport (Donoso et él.

1976) .

DRSPS - el Co e . 8 T e i B ity T A+ 4 T e s s
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After’freatment in the glutamate-DMSO solutions, nerves
were frozen in liquid nitrogen. In less than fifteen s:éonds
the nerves were cooled down to liquid nitregen temperatures.
fhese nerves were then rapidly thawed in either a . |
glutamate-DMSO solution or in a similar .Solution with 10 mM
colchicine added.‘The solutions used for thawing nerveé were
Kept at 21%. When thawed, fhe nerves were teasea'apéft and
mounted on microscope slides in their,respective solutions.

Dark-field microscopy was used t; examine movements of
~intraaxonal organelfes within thawed nerve. Fflm records of

these movements were made, and measurements of their

positions were obtained, as was previously described.

2.2.2 Preparations For Electron Mic;gscopy

' Nerves were s1m1lar1y prepared for electron m1croscopy
in a g]utamate DMSO solut1on prior to be1ng frozen. The
nerves-were thawed in either a glutamate-DMSO solution er in
a similar solution with 10 mM colch{eine addea.,After
specific tiﬁe’intervals from thawing, the nerves were fixea
in 3% giutaraldehyde with 0.05 M cacodylate and 0.13 M DMSO.
Segments from the hiddﬂe of each specimen were ireated wifh
2% buffered oshiqm tetroxide prior te being deﬁydrated and
embedded in Epen. Transverse settions of eaCh nerve wehe
obtained. The sections were s;ained‘with lead citrate and
uranyl acetate. A Siemens transmission eleCtEon mjcroscobe

was used to examine the specimens.




The numbers of micbotubu!es and neurofilaments per unit
area of nerve were counted from photographs (Hammond and
Smith 1977). Nerves that had not been frozen were similarly

prepared.for electron microécopy as a control.

2.3 Analytical Methods
| 2}3{1‘Ana1ysis Of Random Processes

The movement of intraaxonal organelles is, comp11cated
and 11Kely has ‘a s1gn1f1cant r andom component/,}n order to
analyse the motlon of individual organelles, certain
,averagihg methods wene required'tordea1 with any random
7¢omponeht of hétioh and with the measurement error.-Lét x(t)
be a continuous rahdqm*function‘of t. Define a[ppobability
.distribufion, plt), so that p(x)dx is the probability of
x(t).satisfying\x < x(t) s X + dx. The rith moment of the

"distribution can thus be defined {McQuarrie 1976):

KxM = ./f x" p(x) dx.

o0

(2.1)

~

If the»probabi]ity distribution does not change over the

_period of time, 2T, that x(t) is examined, then the moments

i w b
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can be calculated via time averages:

. o
My = XM / XM (t) dt /(2T).
T (2.2)

The first and second moments are the mean value and mean _"
squared value}‘respectiVely. The standard deviation, o.'dnd

variance, o2, of the process are given by:

T -
o2 = f (x(t) - <x>)2 dt /(2T), |
-7 _ (2.3)

The data can be further studied using Fourier analysis.

The Fourier transforﬁ‘is defined:

L]

. . oo %
X(F) = F{x(t)} = / x(t) expl-j2mft] dt,
' - o0
x(t) = F-1{X(F)} = / X(F) explj2mft] of.
| ). | a (2.4)

Here X(f) and x(t) are Fourier transforms of each other. The

first function is in the frequency domain, f; }he second is

in the time dpmain, t. The Fourier transform is complex,
. //
that is, it involves imaginary numbers. Here, J denotes the

square root ef minusronel The usefulness of the Fourier
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transform‘beéomes apparent in the following text.
» With Fourier analysis, it is possible‘to calculate the

normalized power spectrum, Gy (f), for the function x(t):

Gy(F) = |X(F)|2/ ./ﬁ |X(F)|2 df.
oo : (2.5)

£

For an oscillating function x(t), the pbwer spectrum
measures the #élative intensity of the components of x(t) at -
different frequencies. The resultant power spectrum
indicates the particular frequenoﬂes of oscillation which
‘predoﬁinate in a given process;~i | |

Given two processes x(t), and'y(t); it is possible to
compare their components at specific freguencies by

calculating their cross spectral density function. Take the

i

Fourier transforms,

X(f)

F{x(t)} = Re X + j Ime,'f

Y(F)

F{y(t)} = Re Y + j Im Y,
, E (2.6)

and then ca]cdlate:

'X* o Y = [Re XeRe Y + Im XeIm Y] + j[Re XeIm Y - Im XeRe Y],

X* ¢« ¥ = A+ JB.
, (2.7)
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Here the real and imaginary components are denoted by the
prefix Re and Im, respectively. The cross spectral dens1ty

has a magnitude,

( . |
IG L (F)| = (A2 + B2)172,
XY » (2.8)

and phase,

Oxy(f) = Arctan [B/A].
: (2.9)

, _ o
These calculations allow the frequencies shared by both x(t)

and y(t), along with their phase relationship, to be

determined. The resulteis that if both x(t) and y(t) have
large components of oscillation at a spec1f1c frequency,

,theh thg cross spectral: density will show a ]arge 1ntems1ty)

7”(t) are osmw]]at1ng in phase with' each other,

3

then

;culat1ng 1ts spectral moments (Vanmarke 1977). These

‘mompnts M.S, are defined by:

ms = f FGy(f) df.
o ' (2.10)

//q,

///f'
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TQe speéIral nonents.are.abstract_paraméters that describe
the form.of a--given power spéctrum. They can be combinedlto
‘ calculate!threejother'parameters that are useful in

characterizing power spectra:

o
:f;'= (D'S/ @5,

f- = f(2)5/<°)5);/2, and

DO 5= (1 - ((1)S§)2/( ©) Se (20G)] 172,

: ' . : ; (2.11)
Here ' (9 S is the variance of the process; f+ is the center
i of,§pectna7ihass;-ff is fhe radius éf_gynationf and & is
:the!variability of ‘the fréquency. The center of spectré]
mas§ 5s‘én estimaté of the prédominant Ffequency within a
giVeq process.\The‘Spectral parameter, 5v,‘is,alsc quite
‘usefu1;'For a sinuééidalvprocess,ls = C, indicating no
y;riabi]ity of fredUency. However, for a random process, §
véﬁproécﬁés Unity} This indicateﬁ'a higﬁ.degree of

vahiabi]ity of the process’s frequency.

2.3.2 Data Managemént

 Analysis of data folilowed the methods of Koles et al.
- (1982b). For each particle a series of discrete e
measurements in the x-y piane,v(ka,vya), were obtained at
_jntervafs of 0;33 sec6nds; The x-axis was aligned with th?

Jongitudinal axis of the axon that was beihg observed. A
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o ' | , .
- line was fitted to the raw data using linear regression. The

linear trend wée then subtracted:

-

Xg = Vvxtg = Dx. o

x
f
h

Ya = 9& - VYta - bYT. (2 12;

The.slopes,'(§x,'y), gave the mean veloc1ty for each
particle while (bx,by) were the 1ntercepts The first and
second moments were computed from the trend free data [Eq

(2 1)]

<x>'=f.§ N Xn/N,
o ‘\"‘ . n=1 -

. | N S
x2> =] :E: (xp)2/N.
| n=1 : o (2.13)

/ o
N is the number of data #o1nts Because the 11near trends

‘were removed, both <x> 7nd <y> were essent1a1]y zero The

kN

standard dev1at1ons for each sequence were:

~

Ox= (<X2ON/(N-1))172,

Oy= (<YDN/(N=1)) 172,
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Both measurement errof and particle-movements contributed;ﬁg
the standard deviationst‘ . ' | T
v_lnstantaneous velocities, (X'g ¥y ), for_the‘trend-freef‘

déta were calculated QSing a 21-term differentiating fiitef‘

(Koles et al. 1982b):

[

7/
Xa

[Z(pf—‘-lo C‘an-‘w] /(gAt) ' | s o

v [Z‘p__w ey 1/<gAt> T sy
: : A
Here At = 0-33 s; the gain féctoh g = 30443 and fhe'
. coeff1c1ents, Cy = C-p, are given in Table 2.1. This filter
“Timited d1fferent1at1on to s1gnals w1th frequenc1es below
0.3 Hz. Frequenc1es above O 3 Hz were suppressed from the

‘Sigﬁal On the bas1s of prev1ous worK (Ko]es et al 1982a)'

.the s1gn1f1¢ant osc1llatlons were expected to occur w1?%

[

freguencies below 0.3 Hz. o ' e ._’gﬁﬁ

i

‘Next, the first and second momentg“here,calculated'Frdﬁ‘

the 1nstanteneou§ velocdities:

C N |
vy ~=Z¢‘=|" x4 /N,

|
] ] . N .
. i] '<.V.x2>‘ =-Z¢-1 v (X:p ",)'Z/N'

|

(2.16)

3.
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TABLE 2.1

Differentiating Filter Coefficients

j c J Cj

0 o - s -50.5

1 ds' --76.8. R 2 5.8 ,
2 -132.9 8 22.0 .

3 -155.0 9 30.7

4 -141.2 10 248

5 -101.0 o | |

% ,
: rAga1n, vy > and <vy> were negl1g1b1e, thus the - standard

dev1at1ons of 1nstantaneous veloc1ty were: e
© T Oxem (W ON/IN-1) )iz,
Oy= (KVy2ON/(N-1) )12, T
| oo - (2.17)

——_

These standard dev1at1ons measured the var1ab1l1ty of the
trend free 1nstantaneous veloc1t1es _ .

The probability dens1ty functlons for the 1nstanﬁ§nepus
ve]oc1t1es were also ca]culated (Bendat and P1erso] 1971)
This was accompl1shed with a d1g1tal sort1ng program that

evaluated

S
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plv) = N,/(2N Av), E S -
oo T (2.18)
for thé N poﬁnts in‘tﬁe sequences (xb ) and (yg ). Here Ny -
is the number of pownts w1th veloc1t1es in the interval
Av ‘When this d1str3but1on was sh1fted along the veloc1ty _

axis by an amount equal to the mean veloc1ty, v, then

e O Bv) = plv =¥,

(2.19)

the overall ve]oc1ty d1str1but1on.ré§ulted |

, Per1odograms for the trend fré; positional dev1at1ons
were calculated (Tretter 1976) A rectangu]ar data w1ndow
was used. Each sequence was pacKed with' zeros to 512 1@24
or 2048 points and then a Fast Fourier Transfonm (FFT;.

Tretter 1976) was perfonmed.

Xg = X(fy) = FFT{xg}. 2 20)

-,
L

[ o

\
1
h

~

4 The resu]tant per1odogram was an est1mate for the power
‘ spectral dens1ty (Bendat and Piersol- 1971){ The per1odogram'

T

was calculated using:

Glfs) = |X(Fy)|2/<x25,
' e S {2.21)
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!
1

~

A typical peniodogpam could be renresented by a gnaph
- shqwfng a number of peaks ag various fréquencies, Each‘peak
wou 1d then»représent an 6sci11atory coﬁbonent that‘was
\11m1ted to a spec1f1c frequency If‘ 1nstead fhere were no
s1gn1f1cant osc1llatory components in a process, then the
corresponding per iodogram would show~on1y~an:even
distribUtinn of narrow peaks‘of random heiéhts over the’
entire range of frequency This latter per1odogram would
1nd1cate noise. |
1t is useful to estimate the probability of théflardést
peéks of'a pefiodogram\arising asAﬁ'fﬂnctuatién'nf.noise.
Foritnis purpdsgygfisher’s test bf7$ignifjcance-for harmonic
analysis was used (Shimshoni 1971). This test could be
applied to the norma11zed per1odograms, and by comparing the
anp11tudes of the larger peaks to values w1th1n a table,
th1s probab111ty cou]d be est1mated
“Cross, per1odograms between the sequences (xy ) and (y@)

were calculated: . B I
v . "
Gy (Fp 1| = 1Xge @ %ol e

jf)xy(ﬁ¢) = Arctan [Im (Xv* * Y, )/Re (X¢* . X@)] ( 0o
, , y 2.

The moments of periodograms were also estimated




o ;

(Vanmarke 1977):

T ms =N £ngie)ar

T o a=t ~ (2.23)
.:?,.‘ ‘,‘- ; ;, g
q‘fw Yy e

_These moments wgre then ked to calculate the following

parametérs:

F+ = <1>5/(6)5,‘

f- =(@s/ (0)8)i-r2,

o

5= [1 -.((1)5);/((0)5.(2)5}],

These quantit%és were thé spectral parameters defined in Eq.

(2.11) .

“
)
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3. RESULTS: ORGANELLE MOVEMENTS AFTER: TRANSPORT I'.pBITION
rn this chapter, the effects of specific agents on

organelle transport are descr1bed First, a brief
description of the observations from the control
preparatﬁons is given. Then the effects of co]chicine, DMSO, -
DNP, calc1um chloride, hypertonlc solutions, and heavy water
on organelle transport are docUmented

An- ana]ys1s of the mot1on of 1ntraaxona1 organel]es
fol]ows next Part1cu1ar attention is d1rected\to those
motions not found 1n the control preparat1ons The
analyt1ca1 methods are used to their fu]l extent
Periodograms, phase d1agrams. 1nstantaneous ve]oc1ty;
vrorobability dtstributions,!and periodogram moments are

calculated.

3.1 Control Preparations _

The ‘transport of organe]les was observed in axons: not
~ exposed to/any 1nh1b1tory agents. Genera]]y, organe]les
travelled longitudina]ly*Within_axons, most organelles moved>
in akretrograde direction. These organelles&had round |
profiles, and varied from d'2 to 0.5 micrometers in
diameter Alfo"occas1onal rod shaped organe]les (0.3 x 1-8
m1crometers) were observed to move‘1ongxtud1na11y over-short
'distances |

The* round part1cles exh1b1ted certa1n charactertst1c

1novements As any 1nd1v1dda1 organelle was transported

-
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w1th1n an axon, a wavy variation was noted in both pos1t1on
~and’ veloc1ty Figure 3.1 contains data froma typical \
+organelle’s movements. Part a shows the particle’s
Tongi tudinal displacement within an axon plotted versus
time— note the undulations. Part b §hows the displacements
after the least squares trend was subtraoﬁed, The
fluctuations are more apparent in part b. Part c‘is a plot
~of the 1ongifudina1 component of'the'particle’s tota1
“velocity versus time. In this thesisvtota] velocity is _
defined as the sum of the mean velocity [Eq. (2.12)] and the
instantaneous velocity [Eq. (2.15)]. Note fhe-Smooth : .
variations in velocity. Part d is the periodogram obtained
‘ﬁrom the data in part'b. As Koles and associates (1982a) had
noteo, there was aidefinite low frequency component to the
positiona]‘fluctuatgons. Figure 3.1d demonetrates e wide
peak centered at 0.06 Hz. This peaK was sign}ﬁicant,by’¢’
Fisher's test (p < 0.01). That is, the probébiiity of the
peak arising as a random perturbation of no1se was, 1ess than
0.01. Thjs Tow frequency var1at1on in displacement and
velocity was found.to be character1st1c of part1cles mov1ng
within the control axons. The nonzero/va]ue for 1ntens1ty at
0.0 Hz in Fig. 3.1d resulted from the two miorometergnet
displacement .in Fig 3. 15 » ‘
Several other qua]1tat1ve features of organelle
transport were noted in the contro] axons
1. No correlation between the movements of individual

particles was observed.
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time. ¢. The veloc1ty time plot for the part1cle d. The
per1odogram for the particle’'s movement v



2. Individual partic1es travelled with different speeds.
3. The majority of particles were ﬁoving.
"4.‘ If twojparticles.were initially very close together they

could diverge apart with time. \' |

The motions of organelles within the control group of

axons were similar to those observed by Cooper and Smith
(1974) and Koles et al. (1882). The preparationS'used in
this study were kept in pota551um g]utamate solutions, wh11e '
those of other 1nvest1gators were Kept in R1ngers solut1on
Thus no not1ceab1e adverse effect of potass1um g]utamate on

transport was observed.

3.2 The Action Of Inhibitors

| A1l of the 1nh1b1tory agents used in this study
affected the transport of organe]]es General]y, as the time
of exposure to the 1nh1b1tor increased, fewer particles were
transported. The particles stopped translating andhthen
oScjl]ated baok and forth about: fixed positions. The effects
of’specitic inhihitors on transport ére reviewed invthe

-following section. , .

3.2.1 Co]chicine :

~ Rapid axonal transport was 1nh1b1ted within four hours
of exposure to colch1c1ne. By that t1me most particles were
motionless, but some were observed to wobble,»and others

still were translating. A1l three forms of movement occurred
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simultaneously in the same region of many axons.

Several other features of organe]le'movemgnt weré found

repeatedly within axons! treated wi th col¢hicine:

1. The back and forth movement was aligned with the

klongitudina] axes of axons.

2. The amplitude of wobble varied for d1fferent particles,

but generally it was of the order of a part1cle y
diameter.

3, Pairs of o§¢illating particlés,,located within two to
three micrometeré of each other, showed no correlation
in théir'movements that was visgally percéptible. |

4, Similarly, pairs of particles tbanspbrting a]qng‘axons
showed no correlation in their movements.

5. The hotiéﬁ of some particles was discontinuous. An
occasional pgbticle moved over-éevera} micrometers,
abrupt]y stopped and wobb1ed and then resumed |
transport |

One example'Of the effect of colchicine on a particle’s
movement is given in Fig. 3.2. In Fig. 3.2a the disp[acement

‘of an organelle is.piotteq versus time. The érganelle had

three relétive]y motionless periods during the time’of

observation. lnterspersedvbetweenwthe motionless perioas
there were rapid displacements of up-to four micrometers,
occurring at-ve]ocitfes of about 0.4 micrometers per second.

Within the relatively motionless periods the positionaT

Feasurements were scattered over about 0.3 micrometers. This

scatter was the result of random measurement error. However,

S
Ty
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scatter oThe movements during the period from 500 to 400

,Ngﬁpendg wgnp ﬂyﬁﬁ to calculate a per iodogram. The resultant

wﬁberiodogram is shown in Fig. 3.2b. Here, there were large
peaks of oscillatory activity below the&;r'?requency of 0.1 Hz.
The three tallest groups of peake‘were all sign1ficant (p <

0.01), indicating a definite low frequency variation. This

8

-3 lowrﬁﬂequency wobble also was discernible from the random _

.

wobble about fixed positians shall be described by the term

statlbnary in the remainihg text.

3.2.2 Dimethylsulfoxide _
Dimethylsulfoxide also inhibiﬁéd transport. Within
- twenty minutes of exposure, partlcles éxh1b1ted stationary
| wobbles. As with the calch1c1ne preparaflons, translating,
wobbling, and mot?on1e§s‘part1c1es were present within.

reg{ons of individual axons. Wlth time, the proportion of

S w v

motioniess part1cles 1ncreased The behavaor of orggne]les
within the preparat1ons treated wlth DMSD was qua11tat1ve1y
similar to that w1th1n the - codch101ne preparat1ons

An example of a part1c¥e s mot1on 1s g1ven in F1g 3.3.
F1gure 3. 3a shows the- d1sp1§cement of the part1c1e plotted
versus time. The movement of the part1cle was 1rregular
There were short jumps 1nter$persed with part1a] reversals
in direction. The part1c1e eventual}y became stat1onary
However tHis stationary" per1od (from 170 to 300 s)

conta1ned a 1ow frequency fluctuat1on The data from this

1ater segment were processed into a perlodogram (Fig 3.3b).

N
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The fluctuat1ons ﬁﬁre most 1ntense below 0.1 Hz2. W1th1n this
reg1on of frequency there were three groups of peaks, all of
whléh were significant (p <0, 01) A s1gn1f1cant residual
,osc111at1on pers1sted after the partlcle stopped
translat1ng . \
3.2.3 Dinitrophenol

Similar longitudinat oscillations occurred in

preparations which were treated with DNP, as occurred'in,
‘those treated W1th colch1cxne or DMSO. D1n1trophenol began}
" to 1nh1b1t transport w1th1n f1ve m1nutes of exposure ‘
_Inqt1a11y, ‘after exposure to DNP the " transport was grossly
normal, but with time the mot1on changed FlPSt transport ﬁ
k"was Slowed then the part1c1es wobbled about f1xed _
| pos1t1ons, and flnally they stopped mov1ng ent1re1y The |
larger part1cles generally stopped f?rst By one‘hour only a
few part1cles were trans]at?ng— most were ﬁgbq11ng After
'1.5 hours’ even the oscwllatory motwongceased. y
| ~ A few particles moved Iongitudinally-baok and forth
'tover ]arge dtstanoes with no net displacement. The amp11tude
of these movements approached seden m1crometgrs F1gure 3.4
shows the d1sp1acement of such a part1cle p]otted versus
t ime . However, most of the osc111at1ng particles moved over

smaller distances as was observed in the previous two.

preparations.
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3.2.4. Calcium Chloride

Calc1um chlor1de affected organelle transport only in

’
o

damagedlor severed axons. In1t1ally. in these axons,

transport was, grossly normal With time, the particles‘began"

“to oscxllate about stat1onary pos1t1ons These:movements

f1rst occurred 1n the 1nned1ate local1ty of damage to axonal

walls. At later t1me periods, the;regwons of axons

contain:ng osc1llat1ngwpart1cles spread away from'the areas

of damage. Eventually, osc1llat1ons could be observed up to

100 m1crometers away from a g1ven axonal lesion. Those

‘axons, wi thout any les1ons, rema1ned unaffected by ‘the

.sim1lar to those observed in the, thr-;‘

'descr1bed above However, osc'

ampl1tudes also occurred.

[

calc1um chioride.

pes’ of preparat1ons
latlon over relat1vely large
r1gure 3.5a shows the

d1splacements of a part1cle mov1ngvback and fortHDover

2 relatively large distanoes Th1s part1cle osc1llated rap1dly.

over d1stances of up to seven mlcrometers These
o
osc1llat10ns appeared random F1gure 3. 5b is a periodogram

calculated-from'F1g. 3,53. Tpe largest peak in the )

periodogram‘COrresponded_to a fluctuation with a period of

67 seconds. Sincé the period'of observation was only 180

,seconds, the permanence of the largest peak cannot be

festabl1shed By F1sher 'S t%st the 31x largest peaks in the\

'per1odogram were alltslgn1f1cant (ﬁL<§0.01).
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3 2.5 Hypertonic -Solutjons
| Drganelle transport ‘within axons treated with 0.18 M

‘botass1um glutamate was affected within ten m1nutes of "
exposure The hyperton1c solut1on% affected transport
s1m11arly to the agents descr ibed above Translat1ng
-part1c1es, wobbling, particles, and mot1onleq§ particles
Vwere.alj present stmultaneouely within exons. Witﬁ longer
'eXposure periods, the proportion of moving p@rtic]esﬂ. |
decreased.ﬁ

¥

‘ . v NI , .
Figure 3.6 shows data obtained from a translating. -

B}

~particle in a hypertontc prepaﬁ%tionf?ﬂhile,
particles were observed in the preparations t§
‘hypertonic solutions, data from a~tran$jetifg?‘ icle were

5 :
'Jh1s was done to compare&thej

i

‘chosen for Fig. 3.

ﬁtrénslation'of'a“Qu“ icle in a partlally 1nh1b1ted
fﬁﬁepreﬁaration to'those in the control preparat1ons. Part a of
th1s f1gure shows displacement plotted aga1nst time. oThégiﬁﬂ

‘ Character1st1c undulating motion was present There was

ih’ qua11tat1ve difference between the motion of thls&brganelle

and the’ motions* of particles 1n the control preparat1ons
" (Fig. 3.1a). The pemodogr'am°ﬁ& the data in Fig. 3.6a is
.giv%p in Fig.,?.6b.,Most of, the oscillations occurred at
about OtOSde.’The three 1argest peaKS»occurred at;about )
0. 05 to 0‘1‘Hz"They;were all.sighificantﬁﬁb\<.0.01).1The-
particle tracked in Fig. 3.6 had t ﬁsoort that'wasb_: -
:(1nd1st1ngu1shable from partlcles 1n the cod%rol

preparat1ops. However{.1mpa1red mot1on also occurred in the
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hypertonic preparations.

3.2.6 Heavy Water o L ;-

‘ ‘ ~
Heavy water inhibited axonal transport within five coTy

minutes off its application to nerves. the transporting

part1clegrmoved more slowly than in the control

prepanations and osc111atory mot1on also devef%ped The

osc1l$§&1ons were grossly s1milar to those 1n previous

: exper1ments As t1me1pﬁagre¥§ed more d1srupt1on of transport

océurred. ﬁhese changes were more Severe than could be-

‘attributed to the slightly 1ncreased viscosity of heavy )
: /\ \ N A

water relat1ve to that of watehf
The ‘displacement of an oscillating barticle in heavy

water 1s plotted in F1g 3.7a, and 1ts corresponding

periodogram is g1ven in Fig. 3.7b. The four largést peaks,
JNTthIn this periodogram, were s1gn1f1cant (p_< 0,01). |

However, the lahgest'peak at 0.015 Hz had a period of 66

seconds. This particular componeht‘COU]d have'been a

'Wnswnmess, thus its s1gmf1cance must be oéuhously

1nterpreted The maJor point here is, however that"

s1gn1f1cant oscillatory components we‘e present in the

>
v
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FigUre 3.7 Wobbling of a particle exposed to héavy water: p

a. Position-time plot. b. The corresponding periodogram.



3.3 Detailed Analysis Of Results .

The osc1llatory motions of organe]]les w1th1n axons
treated with co]ch1c1ne DMSO, DNP, hyperton1c potassium
g]utamate and heavy water were similar. Despite the‘
-d1fferent agents used to inhibit transport the resultant
motion seemed to shareﬂ%bmmon character1st1cs. In order to
further test this hypothesis, the data were analysed using
the more sophisticated me thods detailed in'chapter>two{ The
resultﬁgof this detailed ana]ysis follow. Other featureS’of
the mdtion of organelles were also revealed by these

&?f
ana]?%es

#.3.1 Periodogram*Evolﬁtion ’
Because of}the difficulty with tracKingtpartic]es for
long periods, it was difficult to quantitate how constant
the low freqoency processes were"Dne!pair'of particles in a
nerve treated with colchicine was tracked for 500 seconds as
,the part1c1es wobbled Figure 3.8 demonstrates per1odograms,‘
calcu]ated from f1vepsuccessive segments of this data.lEach
segment was 100'seconds long. 3They are placed tn ordérTOfv
1ncreas1ng time— from the bottom to top of Fig- 3.8. There .
.;was a persistent componen{ of osc11]at1on below 0. 05 Hz,;
, although the *orm of each trac1ng changed and transient
.peaks emerged. These results 1nd1cated an apparently]random
fi‘osc1l]atlon that generally occurred below 0.1 Hz. While the

oscillations behaved as random perturbat1ons,,they occurred

over a relatively narrow range of frequency.
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3.3.2 Phase Diagrams

-

Phase diagrams were\constructéﬂ by plotting tqta4

velocity of a particle versus the particle’s position within

its axon.,Figure 3.9 is the phase diagram for the particle

‘treated with colchicine that was tracked in Fig 3.2. The

partic]e oscillated within different regions of its axon for

variable time periods and then jumped to new p051t1ons The

Jumps occurred unexpectedly, and generally had higher

velocities than when the particle was oscillating. v
Another phase d1agram of a part1cle oscillating. about a
f1xed posxt1on is shown in Fig .3.10. This particle was from
a'preparat1on exposed to DNP. The phase d1agram here '
centained a eelf—interSeeting two dimensional cuiye. This
curVe‘meaﬁderedaover its phase plane with no apparent

pattern. No stable'equiiibripm.points deVeloped.‘The

\{‘qscilgatiohsvdiagramed in Fig: 3.10 had abparent]y randpm

and nonlinear properties.

3. 3 3 An1sotrop1c Mot\on
A11 of the organeHes that wobbled about f1xed '

'pos1t10ns had the maJor component of the1r mot1on a11gned
~with the longitudinal axis of the1rgaxons. This effect
océurred'in all'preparatidns'regardless of'the inhibitbr'

used. S1m11ar1y.;trans1at1ng part1c]es had a superlmpoetd

wobble that was a]1gned with the long1tud1d)1 axis. In Qrder

to" study this al1gnment further the standard:devwatiOns-oF
- o : ”
the trend free dlsplacements were calculated The X and

1
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~ y-components gf“f':hes.é stand:rddeyiation's wére plotted
against. each‘other.for each indiVidUal'parttcle - Data from
all of the preparat1ons were used Both translatlng |
‘partlcles and those wobbling about fixed poS1t1ons were
- 1nc1uded 1n ‘these calcu]at1ons F1gure 3.11 g1ves the -
resu}ts, each p01nt repré%ents a s1ngle axonal part1cle The‘
standard dev1at1on was a cdnven1ent measure of the ampl1tude
of wobble along the X and.y axes. A cont1nuous dtstr1but1on‘
of po1nts extend1ng over\two orders of magn1tude of
d1sp1acement resu]}edt Ihere.was no separatton.of
\translating particIes from‘stationary partic]es. NeithenWWas )
there any separation on the basis of the specific inhibitor S
- used. These resu]ts suggested that osc1l]atlons were part ofi
" one general process | “ « T .
FIQure 3. 11 also emphas1zed the an1sotropy of the
wobble. oThe standard dev1at10ns a]ong the X- ast were ~
greater than the y—component Thus the osc11]at1ons appeared \
“to be a11gned w1th the general d1rect1on of transport
The y- ax1s osc111at1ons were a s1gn1f1cant component of
motion for some of the part1c1es Did the y osc11]at1ons
result from a process 1ndependent to the x-osc111at1ons7 A
cross-periodogram was ca]cu]ated from some typ1ca1 ‘data.
This is shown in Fzg 3.12: ' o
. The cross- per1odogram is a measure of how synchron1zed
two signals are. In th1s case, the osc1]]at1ons of a

part1c]e along the x and y-axes were compared to each other'

From Fig. 3.12,,the X ‘and y*components had a common
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frequency of osc1llation at '0.03 Hz. At. this frequency the -
two components were separated by a phase lag of only 0 15 pi -
radians The two processes were essentially in phase w1th _
le- each other R |

’ It is reasohable to conclude that the y axis -
osclllations were & component of the x- ax1s process The
y component resulted in part from difficulty with aligning
the digitizer s x- axis W1th the major axis. of motion Also
: it resulted from perturbations of the maJor axis of particle
| motion that occurred with time

1

. 3.3.4:-Mean Velocity And Velocity Fluctuations |
) Along any axis- there were two components of vel001ty
1. ‘the’ mean veloc1ty,‘v calculated from the least squares
slope [Eq (2.12)1, and | _ ) e
2. the'instantaneous velOCity, (Xq y&.lr calculated from’
r.the trend free fluctuations [Eq. (2. 15)] o
The standard dev1ations of the 1nstantaneous veloc1t1es were_
calculated 1n!order to measure the magnitude of fluctuationsf
of velQCity {Eq: (2. 17)] The mean velocities nere plotted
<-;(versus the standard dev1ations in Fig 3 13. Ontly the )
| long;tudinal components_were used Each pOint—repvesented
_one particle All’particles whether fixed or translating,'
and 1rrespectiVe of preparation, were included in these
calculations | o ' <\\N

The data p01nts were spread over a continuous spectrumv

in Fig 3. 13 Most of the particles translated at speeds
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" much lower than tﬁe average speed of one micrometer per
second found for uninhibited,particles (Cooper and Smi th
1974: Koles et al 1982a). Many particles had no significant
et velocity. Some 6F the stationary..particl‘es had velocity
fluctuations of ‘a size similar to those‘ofgtranslating o
Particles S e | o
The main finding from Fig‘ 3 13 was the continuous

distribution of mean velOCities from about 0.0 to 0 8
micrometers per second. The process of inhibition did not:
. separate the data into two groups: one ofs particles moving
at a constant‘speed;'the’other'ot'stationary particles.
i,3‘3 5 Probability Distribution For. Velocity
' Probability distributions for instantaneous veloc1ties'
. were calcuated for particles osCillating about fixed .‘_
‘>tp051tions Only the longitudinal components of velOCity were
used, A.resultant histogram. for data from one particle.=fs
. shown in Fig. 3. 14 The velOCity distributions were‘ |
jessentially unimodal The distribution for the data in Fig _
‘23 14 ranged from about -1 to 1 micrometers per second These’\

N

| data were Similar to’ data obtained from. translating

'-lparticles (Koles et al. 1982a). _ o 3

Bd
i

3. 3 6 Periodogram Moments .
The periodogram moments for. each particle were
calculated ATl particles were analysed 1rrespe¢tive of

- their preparation or motion. The first moment was plotted .

p—
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versus the 'zeroth moment in Fig. 3.15. As mentioned
previously, the ratio of the first‘moment to the zeroth
moment‘giVes.the center of spectral'mess. The zeroth moment
is proportional to the variance of its signal.

The‘date points'were continuously distributed over
about five orders of magn1tude There was no clear d1v1s1on
N? translatmg parhcles from Qtatwnary part1c1es Nor was

there a division according to the spec1f1c treatment.

The relattonsh1p in Fig. 3.15 was approximately linear.
The slope gave an everege‘value for the center of spectral
mass. The osci]]atoryhaciivity was centered_on a\frequency
range of 0.18 + 0.02 Hz (SEM).

'Next the spectra] parameter & was\pfotted versus”the
Zeroth noment (Fig. 3]16)t_The'parameter d is. a meéSure of
the Variability of‘Frequency content for each process. Tne
va lues’ for 5 were clustered near 1.0, be1ng more
concentrated there for the strdhger signals. An average
va]ue for § was 0. 84 * 0. 01" (SEM) . These data demonstrated

a h1gh1y varlable frequency content for the oscillations.

1 F1nally, the standard deV1at1ons of the pos1t1ona]

.
-

'fluctuat1ons along the jong1tud1na1 axis were plotted versus
the center of spectral mass ,- F*-(F1g :3.17). The center of
spectral mass was a crude estimate of the predom1nant
frequency w1th1n each s1gnal The major problem with us1ng
'f* was that for weaKer signals, the magn1tude of f+ was' _
increaeed (thk 3717). For these oscillations the values of

- f* were Jarger’becauee of“the ]arger,contribution from
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P
measurement error. For stronger siqnals with atandnrd
deviations aboveﬂ?xm 8 cm, the centors of spectral mass
wera general‘ly about 0.1 Hz, This value ‘of 0 1 Hz was a
reasonable estimate for the churacteristié frequency of the

pasitional oscillations. \\'.‘

® ¢
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. 4. RESULTS: PREEZING EXPERIMENTS

In Et)"ohnptor the effects of rapidly freexzing end
thawing axons are described. First the effect on organelle ‘
transport 1s detailed, followed by the results of

morphotbgical studies.

L
5

4.1 Dark-Field Microsoopy

Axons, froz‘n in liquid nitrogen'and then rapidly
ghawed; initially showed no evidence of organelle movement.
After about five minutes from thawing, the particles began
to wobble along the longitudinal axis. During the next f]ve

to ten minutes they began to transliate. Transport was mainly

‘retrograde, but anterograde motion occurred too. After 15 to

20 minutes from thawing, the proportion of transporging

-particles gradually gecreased. At about 45 minutes, motion

of organelles was Earelyhdetecfable. These)results were
easily reproduced. | .

The longitudinal displacement of two organelles after
thawing is plotted in Fig. 4.1.. In Fig. 4.1a a prgviously
Statjonaryfparticle moved back and forth, aﬁd then was
transported in the typical undulating manner. The bartic1g
tracked in Fig. 4.15 initially wobbled back and forth o:er
distances of up to four micrometers, then it wés—transported
about - 14 micro&eters, and fin%]ly it éame to rest.- These
data demonstrated the sequence of recovery afteﬁ a freezing
and thawing. Initially motiorless particles began to wobble,

-
.
-
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‘then translated, and f1nai]y stopped mov1ng
Osc1llat1ons over relat1ve1y large amplitudes were

'observed w1th1n‘the thawed preparattons The d1sp]acement ofL‘

T an organelle pedform1ng such large\osc11]at1ons is plotted

in F1g 4 2a. These 050111at10ns spanned over six
mtcrometers and appeared random. The 1nstantaneous

' /

veloc1t1es correspondwng to these data were plotted 1n Flg

4.2b. Note thé smoothly varying veloc1ty with respect/to

/

/
time. These 7ar1at1ons were also apparently random.”However,

a random appearance does not,always imply that the |
under lying prod%ss is indeed stochast1c This pdinttshait be
’d1scussed in a later chapter ‘ | |

~With the addition of 10 mM colchicine to the so]‘utions'
used‘for thaWing; transport never resumed. OnTy very rarely
1dtd an occasional particle wobble. When this wobbte did
~occur it was~transient and it'was over distancee of less
thattone micrometer. This effect of colchicine was easily
{ reprdducible; Colchicine prevented the recovery of transport

after thawing.

4.2 Morphological Studies |
Could’any submicroscopfe intraaxonal strpctures bek
thfluencihg the recovery of transpopt after thawinq? Toh
answer thisﬁauestion, eleetron microecopy was peﬁfprﬁed_on
segments of axons fixed at specific time intervals after

: g
thawing. -
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The structure of thawed nerves: was generally well _
‘7:preserved on e]ectron m1croscopy Wh1le the m1tochondr1a d1d

' appear swollen, the endoplasm1c rettculum m1crof1laments

’ and m1crotubu1es 1nd1v1dual]y appeared unaltered.. The

axoplasm appeared ‘more condensed with an ‘increased dens1ty
of mtcroftlaments and endoplasmlc rettculum Plate 4 1 o
v.demonstrates three transverse sect1ons of thawed nerve Part

a is a 1ow power view of nerve that was thawed and

ey f1xed parts b and c are higher power views of

transvé?;e sections of nerves f1xed at 12 m1nutes after
:thawlng Oeca510na1 convolut1ons and cracks in the axonal
" membrane were ev1dent in parts b and c. In genera] these
features suggested a sl1ght shr1nkage of the axons after
freez1ng and thaw1ng L -,.~‘ ' SR \

Plate 4.2 contatns h1gh power ‘views of three transversea/

hseéttons of axonsf Part a was taken from control ‘nerves, not
treated in 1iquid nttrogen Parts b and ¢ were from frozen
and thawed - nerves that were ftxed at 0:.and 12 m1nutes after-
>“\thaw1ng, respect1vely Compar1son of the three m1crograph

. reveats:one consplcuous d1fference between them Invpart/é/

'dthe numer1ca1 density Qf mtcrotubules wa3<norma1 -ror'//“
'emphas1s, the m1crotubu1es have been c1rc1ed in these :
_photographs. In part b:the numer1ca1‘densjtyrof m1orotubules’
'_wasfnoticibly deoreased.Whiteejn part C the density appeared
normat u | | | -

To 1nvest1gate the changes in numer1cal dens1ty of

mtcrotubu]es.after‘freez1ng,‘these.dens1t1es were measured



Plate 4 1 Electron mlcrographs of transverse sect1ons of
myelinated axons which were frozen and thawed as described .

in the text: a. Low power view of two axons. Their myelin is..

" disrupted. The intraaxonal organelles indiV1dua11y are.

- grossly normal. b. and C. High power views to show abnormal

folding and possible defects of the axolemma (arrowheads) .

~ Scale bar: a, 5 micrometers; b. and-C. 'l ‘micrometer. T1me ,
f follow1ng thawing: a. 0 min; b. ‘and C. 12 min.






'Plate 4 2 High power electron micrograph of transverse )
sections of axons: a. Control axon that as'not.subjected to
freezing and thawing. The microtubules hayve -been tircled for
ease of identification. b. Axon.that was frozen and- thawed
in fixative. The numbers of microtubules are decreased. C.
Axon that was frozen and fixed 12 minutes
numbers of microtubules have retUrned to n rmal - Scale bar:

1 m1crometer

fter thawing. The
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from specimens that were.fixed at spedific time intervals
after thawing. These data were compared to the number of
transporting barf{cles at’ sequential periods from thawing.
Figure 4.3a shows the total number of transpor ting |
particles, w%thiﬁ five thawed axons, plotted versus time. A
tén micrometer segmenf of‘each axon was observed. Groups of‘
particles were placed in the m1croscope s field of view, and
then observed. During the 1n1t1a1 four minutes after |
thaw1pg,_no part1c1es were transported. From four te seven
evhinutes affer’thawing ihe number of'transportfng partidfes
rapidly‘increased. Thereafter,.the groups of\particles
dispersed out of the field of view, and a lower frequency of
- transporting parficles'resulted .

‘ In F1g 4.3b the numerical density of m1crotubu1es is

p]otted against the time from thaw1ng In1t1a1]y, few

" :m1crotubu1es were present= Paral]e]ﬂng the increase in

" number of part1c1es being transported there‘wae an increase-
-of m1crotubu1e dens1ty to contro] levels.bThereaerr, fhe
density of m1crotubu1es rema1ned constaht THe addition df'
»colch1c1ne to the solution used for’ thaw1ng Kept the den51ty
of m1crotubules ]1m1ted to about 40% of. contro] levels. .
In F1g 4 3b the numerﬂcal dens1ty of m1crotubu1es in
. the colch101ne preparat1ons is represented by a black
isquare. The solid dots are data from preparat1ons that were
~not eXposed~to colch1c1nev These data were averages,

“‘obta1ned from n1ne to eleven preparat1ons The error bars

def1ne one standard deviation above and below each data
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_F1gure 4 3 Recovery of transport and microtubules after

" thawing: a. Total number of transporting particles in five -
10 m axonal segments, plotted versus time from thawing. '
b. Average number density of microtubules within about ten

- preparations, plotted versus time from thawing. The error
bars represent one standard deviation about each point. The

- dotted lines define one standard deviation about control

‘levels. The square point is data from preparat1ons treated
with colch1c1ne
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point. The dotted lines represent one standard deviation
about the control levels. . ' |

In Fig 4.4 the numerical density of neurofilaments is
plotted versus time from thawing. Again, the dotted lines
define one standard deviatioh about the contro]‘levels. and
the error bars represent one standard deviation abouf eadh
boint Each point is an averade taken over nine to eleven
preparat1ons. The neurofilament dens1ty remained elevated by
about 50% above control levels during the period it was
observed There was no s1gn1f1cant change in neurof1lament
density with time. Nor was there any s1gn1f1cant dyfference
in neurofilameni density fn the‘speCimens treated‘vith o
colchicine..These changes Were_pfob?b]y cedsed by axonal

shrinkage after freezing and thawing. o

Thewrelative numbers of particies that were
transporting after 30'minutes appeared to be decreased. As
previously mentiohed, motion. of organelles appeared to cease
after about 45’hinutes. HoweJEr, no structural changes could
be found within axons that corresponded to the decreased

numbers of transport1ng particles.
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Figure 4.4 Numerical density of neurofilaments plotted
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over .about 10 preparations. The error bars represent one
standard deviation about each point. The dotted lines define
one standard deviation about control levels.



5. DISCUSSION

5.1 Overview
In this thesis, thé subject of axonal transport was
reviewed. Several general features of transport were
emphasized:
1. the classification of axonal transport into fast and
slow components. - o j
2. the diverse nature of the material tLansported
3. the d1fferent speeds of transport for d1fferent
materials, |
4. the bidirectional nature of fast transport, and-
5. the large particulate component of the material
transported.
Methods of observing axonal transport were also discussed
~and, in particQ]ar, optical techniques were emphasized.
Several agents, known to inhibit axonal transport, were
reviewed. The postulated mechaniéms of action of these .
agents had two interesting’implications; First, the action
of dinitbophenol implied a dependenbe of ﬁasf transport on
oxidégfve metabolism. Second, the action Bf agents such as
‘ colchicine‘%mpiied a pdssiblé dependence of transport on
microtubuies. This latter aspect was recognized as being
controversial. '
Next the tfanspoftvof optically de#éctab]e organelles
was reviewed. This transport of organe]&es was equated with

b
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fast axonal transport. The motion of individual organelles
was complicated. Early, more qualitative, observations of
organelle movements were perceived as being irregular and
discontinuous— thus the term saltatory was ipplled to these
ﬁovements. However , with the advent of more sophisticated
exper imental techniques, the motions of organelles were
found to be uniform. Thus, the term saltatory may no longer
be apblicable to describing the transport of ordanolles
within axons. ;
Several features of the uninhibited transport of
-organelles within axons were: "
1., the fluctuation; in‘position super imposed on the linear
displacement of normaf transport,
2. the rare complete reversals in net direction of an
individual particle’s movement,
3. the ragé occasion when a pafticle would oscillate back
and forth about a‘fjxed 6osition in normal axons.
These features perhaps indicated the tendency with which 2
particlé could reverse direction— albeit for variable
periods of time. A
°"In certain preparations, sustained back and forth
movements of organelles could be pro&ué%d. Colchicine and
local crdshing of axons could both cause.these motions. The
significance of these motions was unknown. it was suggested
that these motions were due to either active or thermal

forces.

e
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> Intraaxonal struﬁture was rev1ewed An orderly
j_arrangement of subm1croscop1c and f1br1llar elements ex1sts
w1th1n axons These structures could possibly affect the _
:mot1on of organelles by acting as barriers to movement. by
altering the local vﬁscesity of aXoplasm,'or by
participating ln:the mechanism of transport. |

Brownian motlon within cells was d1scussed slnce thisf
was a poss1ble mechanism for oscillatory mot1on WithIn ,
‘cells of hngher organisms, Brown1an motion has not been
easily‘observed This is beeauseiof the increased amount of
‘structure within h1ghly developed cells; this- restr1cts the
 motions of organelles and damps out’ Brownlan motion. .
‘Several postulated mechan1sms for axonal transport were
'descrhbed and cr1t1c1zedf A general class1f1cat1on'was
introduced' ratchet mechanisms, fluid flow mechanxsms, and
mechan1sms dependent on smooth endoplasm1c reticulum. None
of these mechan1sms was ent1rely sat1sfactory in explaining
observat10ns of axonal transport o
|  In the second chapter, the methods. used in th1s study
‘were'introduced.hlhis study ‘proceeded along two d1rect1ons.
1. the study of organelle transport within axons exposed to-

inhibitory'agents, and |
'2fu the study of organelle motion and fine structural

‘changes in axons that had been rapjdly lt’rozen'a'nd~

thawed . ' | |

. A soph1st1cated means of analys1ng the mot1on of organelles

was also introduced.
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 _ The aim of 'this study was to answer the fo1lowing‘.
‘QUthiopé concefning the franépbrt of»organelies within
.axons: | | o
1. What a;é:the conditfons producing;CSCillatory motion of
organelles about fixed positions? .,
2;“What are the character1st1cs of the osc111atory mot1on
of Organelles°r ‘ v
3. What is the act1on of metabol1c blockers on this
osc1l1atory mot1on7 | \
4. What is the driving force of the osc1]1atory motion? Is
it Brownian motion or is it an active process? . |
5. Ddﬂ?&dné] microtubﬁles have a role in fast axonal
transport?‘ _
These questions are discussed in detail in the following
'sect{ons; | | |
Before proceeding With this discussion several )
freqUently-used Rerms are_défined he;e. A process is called
random ff it is unpredictable. The'oﬁppsite of a réndom
‘process is a determinisfic‘process. It is possible fo‘ |
predict the behayior of a detehmjniétﬁc process with
equétﬁons"The term 6sci1]atory is used in thé geﬁera] éense
Io descr1be a process wh1ch f]uctuates back and forth about
a mean value. -An osc1llatory process may be e1ther
determinist{c or randomf A periodic process is one which pan
be described by the summation of a finite humber of .
sinusoidal terms in an equation. If a proceéé cannot be

represented by the summation of sinusoids then it ié
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" referred to as aperiodic.'

5. 2 Cond1t10ns Produclng Oscillatory Motion

A1l of the 1nh1b1tors of axonal transport used in th1s

E study produced osc1llatory mot1on of organelles As noted by

~ previous workers (Hammond and- g§1th 1977 Hor ie et al.

1981), osclllatory motion oflorganelles about fixed -

positions was produced by colchicine In addition

Vdimethylsulfoxjde' dinitrophenol high- calc1um ion

concentrations hyperton1c potass1um glutamate and- heavy

ewater could all produce osc1llatory mot1on These mot1ons

‘also occurred dur1ng the recovery phase of transport w1th1n

| axons that had been frozen

‘ S1nce such a w1de var1ety of agents produced
oscillatory mot1on of organelles, this mot1on ‘must be a
fundamental process Brown1an motlon is one poss1b1l1ty On
“ the other hand, the osc1llatory mot1on could be caused by L
metabol1cally dr1ven forces Th1quuest1on of whether

Brown1an or act1ve forces caused the osc1llatory mot1on is

exam1ned«1n the next section.

5. 3 Brown1an Versus Actlve Forces

The prlmary aim of this study was to understand the

, forces causing re51dual osc1llatory motion of intraaxonal

particles.-lt is argued‘here that ‘oscillatory motion is

caused by metabolic processes rather than by thermal
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'mot1ons ,
Osc1llatory mot1on was a character1st1c feature of

organelle movements. Not onlvaas th]s\motlon present in the

~inhibited preparations-but it also was‘pervasivehin'nOrmal‘ ‘

transport. The undulatory var1at1on in. d1splacement of .
'control partlcles (Fig. 3.1) was essent1ally an osc1llatory-
motion Koles and assoc1ates (1982a) s1m1larly found Tow

_ frequency perturbat1ons super imposed on the l1near
_d1splacements of transport1ng part1cles The average
“frequencgps of both the osc1llatory mot1on when statlonary,‘
and when translat1ng was about 0.18 * 0.02 Hz (Fig. 3 15).
When data from stat1onary osc1llat1ng particles were
comb1ned with those from translatlng part1cles a cont1nuous
4d1str1but1on of data po1nts resulted (F1gs 3.11, 3.13,
3.15,J3.16). On this bas1s there was no clearrseparation of

translating organelles from stationary organelles.'MoreoVer;

the graph of mean velocity- versus velocity fluctuat1ons s T

(Fig. 3.13) showed osc1llat1ons-present at all transpor1
velocities CleJ ly, the transport1ng organelles had 2.
.super1mposed osc1llatory motion. Inh1b1tory agents m1ght
Stop a partlcle from translat1ng but a res1dual osc1llatory
motton could pers1st.vE1ther Brown1an or active ﬁorces could

‘cause these residual motions.. .

N
2
»

Dinitrophenol eventuallylstopped‘all,particle moyement;"k

even the residual»oscillation. Since DNP is known.to inhibit
oxidative phosphorylation it could be concluded that the

residual oscillation depended on oxidative metabolism. The

K
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"1mp11cat1on here 1s that act1ve. not Brown1an forces.?j
:produced the osc111atory mot1on - , f ;_;,Mﬂew/’f'i
However, this argument 1s oversimp]1f1ed Although DNP
eVentual]y Jnhjblted,the oscilJatory motion, th1s'does not
‘autoﬁattCatiy imply that the‘residuag oscittation-depend5<
upon oxidative phosphorylat1on Dne way to. 1llustrate the ‘
flaw in the preced1ng argument is w1th a counterexample |
Suppose ‘the . res1dua1 osci]lat1on was dr1ven by‘?rown1an
forces W1th the app11cat1on of DNP ,oxidative metabol1sm-
wqth1n-cells was inhibited. As a result, transportlceased-
ajongdwith many other fUnctions dependent on-oktdative
Metabo115m' If the ma1ntenance of 1ntraaxona1 structure was
hdependent on ox1dat1ve metabol1sm then structural changes
could have resulted after:exposure to DNP. These’ structurai
fchanges could increase the resistance*to organeile mot{on
Thus  the dtsappearance of res1dua1 oscwllat1on could" have
l\resulted from structural changes w1th1n axons that. damped

out Brownian motion. .
| It'WaS‘thus pertinent to investtgate any structdral
changes para11e11ng changes in organe]le mot1on -The stUdtes“'
on frozen and thawed nerves were directed to this end I
_'these studwes the return of transport after thaw1ng}
'”paralleled the reappearance of m1crotubules (Fig' 4.3). The
‘slow d1sappearance oé‘al] motion after 30 minutes had no
'correspond1ng morpho]og1c change The possibi11ty_of therma]“
Lmot1Qns be ing damped out by structural ohangestwasvnot

supported by electron microscopy of . thawed nerVet

.
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p In order to cons1der Brownlan mot1on as. a p0551b1e

‘>:;cause of the osc1llatory mot1on the quant1tat1ve

he

observat1ons in th1s study should be compared to predwct1ons
'{hfrom Brown1an theory It is thus necessary to d1gress with’ a

: short dwscuss1on of Brown1an theory

The Langev1n equat1on (McQuarrwe 1876) def1nes the

F‘behav1or of avparticle-)n Brown1an.mot1on.

) du/dt = -Au + A(tf.‘ S
. . (5.1)

- Here, o 1s the veloc1ty of the part1c1e. t is’ t1me and'A(t)

is a Gauss1an random, fluctuat1ng,'accelerat1on 1mparted to
the part1cle by surround1ng molecu]ar motion. The parameter-*

A = 61ra17/m where a and m are the part1cle s radius ahd '

‘_Mass and n is” the v1scos1ty of the surrounding med1um .

Eduat1on (5. 1) is a stochast1c d1fferent1al equat1on that

‘can be solved for a d1str1but1on of. d1sp1acements (Shea and

- Karnovsky 1966) :

S R
Fl [xl) f exp [-q2/2] dg /(2m)isz, |
xs0 : ST S (5.2)

- where,

o? = KTt/(3man).. - -~ - =
, | S - (5.3)



.Here T is~ the abso]ute temperature and k is Boltzman’s
| constant (k T 38x10- ‘23 d/ K) | !
| In free Brown1an mot1on a parttcle s mean squared

Ldlsplacement <r2> is proport1ona1 to t1me | \

{kr2> =(so£;”,‘ Sy
S (5.4)
'The d1ffus1on coeff1c1ent D; is g1ven by Eq. (1.1).
The probab111ty for a ngen d1sp1acement occurr1ng by
‘means of freé Brown1an mot1on is obta1ned by evaluat1ng the
*1ntegra1 1n Eq (5. 2) F1gure 5 1 gives the probab1l1t1es of.
'dtfferent d1sp1acements for part1c1es of 0.2 mlcrometers '
-rad1us dur1ng a three second 1nterva1 It was assumed that
:‘the part1c1es were w1thin water at 22" C For example,'fn
‘three seconds 75% of the partjcles w111 have moved 1ess than
athree m1crometers ConvePse4yb~on1y 25% of part1c1es wd 11
have moved more than three m1crometers These,calcu]atjons
‘were done for a v1scos1ty of 1x10 3 Pa-s The viscosity'”
;'exper1enced by axonal part1c1es is probab]y h1gher and thus
'b’the1r mob1l1ty would be less \ | | -
’ Brown1an part1c1es v1brate 1n pos1t1on beéguse of the
B surround1ng cont1nua1 molecular bombardment The 1ntens1ty
;of po51t1ona1 v1brat1on G(f), will depend upon the |
partiCUIar freQUenCyf'f,.of-Brown1an mot1on;(McQuarr1ef

- 1976) .

R4
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* CUMULATIVE PROBABILITY
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;F1gure 5 1 Probab1l1ty ofﬁfree Brown1an d1splacements

Calculations were for 0.2 micrometer radius particles
within water after three second intervals. During three
seconds 75% of part1c1es will have moved less than three

m1crometers

.
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G(F) = 4D/( N2 + 4 g2 f2),
' L - (5.5)

The resultant power spectrum is plotted in Fig. (5.2).
this f1gure °f is the relaxat1on frequency for the motion.

It is given by the equat1on

of = KT/(2wmD). "
« BN (5.6)

For bartl es of radius 0.2 miorometers and mass.of‘-3x10;“4 y
2°C, the relaxation frequenqy is 2x107 Hz. : \

' Now, could rree’Brownian motion cause the oscillationsu
1n pos1t1on that were super1mposed upon the general linear
trends° S1nce th1s osc1llatory mot1on resulted in no net\
moyement of the partices, free Brown1an mot1on could not-
~*cause these osbillatlons However» 1t is useful to compare
the d1stances travelled by organelles to: pred1ot10ns from
Brown1an theory Th1s should 1nd1cate whether thermal |
mot1ons could. occur over S1m1lar d1stances “

A part1cle osc1llat1ng about a f1xed 1ntraaxonal
.;‘pos1tlon or about a l1near trend cou'ld be expected to move..
a dlstance equal to one standard dev1at1on of its
dlsblacement fluctuat1on w1th1n about,one-quarter of its
cycle.” Refer now to:the\data in/Fig“.3’17v#The‘centers of
,bspectral mass were. generally greater than 0.2 Hz for the

pos1t1onal dev1atlons below 3x1O 5bcm This 1nd1cated a -

greater influence of noise that,shyfted the spectral mass to

R
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F1gure 5.2 Theoret1ca1 power spectrum for free Brown1an
motion: The frequency *f is called the relaxation frequency.
Here relatrve -power 1s p]otted versus re]at1ve frequency
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the right. For the sigha]s not overly influenced by noise,
the standard deviations ranged from 3x10-% to 5x1b-4 cm,
These -oscillations occurred with an aVerage period of
roughly 12 seconds. Thus an orfganelle could be expecteb to
move 0.2 to S'micrdmeiers in about three seconds. Referring
‘to Fig. 5.1, more than 95% of particles could be expected to
move over 0.2 micrometersnin three seconds. However, only
about 5% could move over five micrometers. Wh11e the smaller
displacements are w1th1n the range expected for Brownian
motion, the larger d1sp1acements are much less probable.
Indeed:vthe probability of -Brownian fonces hoving a partiele
through one fulJ cycle of mot1on is even smaller Free |
Brownian mot1on was un]quly ‘to occur over similar distances
as did the 1arger oscillations. _ ““‘
' Is -there evidenée that the larger-fluctueticns are a
separate procees from;the smaller ones? The graphs of X
versus y-axis standard deviations (Fig. 3.11), and first
versus zeroth moments (Fig. 3.15) shewed a continuous’
distribution of points over a Wide renge of valuee‘ There
was no ev1dence for the ‘larger fluctuations being a
d1€ferent process than the smaller ones. If Brownjan motion -
were to explain the reSTdual osc111at1on it‘would&havegto do -
"so for all amplitudes of oscillation.

A further comparison of free- Brown1an mot1on to the
deta.can be made. F1gure 5,2 shows the theoretical power
spectrum for £he poeitionai fluctuationsﬁof’a free Brownian

parficle. The power shows a significant decrease at the

.
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relaxaticn frequency. Foc'typical intraaxonal parttcles, the
relaxation frequency was estimated to be about 2x107,Hz.
However, the freqUencies of organelle oscillations occurred
generally below 0.2 Hz, and thus the pericdograms calculated
from the data did not resemble the prediction for free
Brownian motlon (Figs. 3.1d, 3.2b, 3.5b, 3.7b, 3.8).
The pred1cted displacements and predicted power /
spectrum for free’ Brown1an motion did not fit the
'exper1mentalvobservatlons. Also, the anisotropy of
oscif1ations could not be caused by free Brownian moticn.
The data given in Fig. ?.11 demonstrated a siénificant}y
]arger component of osciﬁ]ation along the x-axis than the
y-axis. These data implied a cpatiél-constraint on particle
'wmotion. While free Brownwan motion, by def1n1t1on ‘cannot’
| have any ccnstralnts, there remain other\thermally driven
and constrained systems to be consjdered. One such
constratned systeﬁ is Brownian motion within sma]]\tgpules
(Brenner and GaYdosr1977),

~

,in_order to consider constrained therma]Imotion, it is\‘\\\
necessary to digress from the present arguments andndiscues \
some theoretical aspects of constrained motion. An idealized
coﬁstrained system can be considered to\have an input. -

driving force, y(t), causing agvoutput tion, x(t) (Bendat

and Piersol 1971).. In thiS-discussion,vt is system is

assumed to be lineér,‘ac a first approximation. The relation
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et

between 1nput and output is:

:gs / h(t)y(t—t)dt

(5.7)
where h(t*) is the weighting function. Expressed in
conVolution algebra, the equation beeomes:

' ¥
X(F) = H(F) = Y(f). )
(5.8)

-
“H(f) is the frequency response function. This response

function determineéﬁthe range of freouencies of input that
‘can produce an output. With a narrow freqoency response, the
output will also have a narrow frequency range— even w1th a
lw1de range of 1nput frequenc1es The ﬁrequency response
function 1s determined by the mechani ;l properties of the
system. | , ' \ |

For a system drivep by thermal forces{ the inpot is a
7broad,band'process, extending out to the relaxation
frequencies of&the surroupdihg molecules. In the case of
intraaxopal particles, most of/the driving force oould be
- expected: to come from water molecules.*Using Eq. (5.6), the
" relaxation frequency for water is approximately 2x1013 Hz-
ﬁow the observed fluctuations of organelles had frequenc1e;- ' o

of about,0:1 Hz. In order for vibrations of water molecules

‘to drive the organelle motions there must be some 1nternal‘
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axonal structure that damps out frequencies above the
observed range. The frequency response of the system must °
therefore be relatively narrow.

It is unlikely that Brownian motion within tubules
would posgess~sqch4d narrow frequency response function
without the addition of forces that could restrjct the
longitudinal movements of the partfcles within these
tubules. A stronger interaction between organelles and
1nterpal axonal structures.seems necessary. Such an
interéction would result if organel]es were bound by elastic
forces to some internal axonal structure.

" The app]icatidnuof a linear restoring force to a
Bfownian parﬁhcle causes harmonic oscillations qf the
particle (Chandrasekhar 1943). The equation of motion (Eq.

(5.1)] becomes:

du/dt = -Au + A(t) - w2x.
‘ (5.9)

Here, A}‘is the oscillator’s undamped natural frequéncy. The

observgd.frequgqcy 6f the oscillator is:

f = (w?2 - \2/4)172/(27®).
. (5.10)

hThe'paraTeter,ﬁ'
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g= (A2 - 4. 22,
| (5.11)

, ‘defi6es the resulting motion. If 5 is real, then the motion
is ovehdamped if imaqinary. the motion is period\c and if
z;ro the motton is aperiodic. '

Chandrasekhar calculated the mean and mean squared
'valuas for the displacement and velocity of a harmonically

~ bound Brownian particle

x> = 0,

‘;’
<u> = 0,
x> = KT/(mw?),
—

w> = KT/m. |
| L (5.12)

These calculations are averages,’ taken over Jabge time
'intervals | '

The power spectrum for a harmonically bound Brownian

particle is (Wang and Uhlenbeck 1945) . . R

GIF) = 4D/|-(28F)2 + 2@ jAF + w?|2,
| - , ' (5.13)

This spectrum is plotted in Fig 5.3, Note the narrow band of

freqUencigs_of.the oscillatbr‘fThis theoretical spectrum
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'qualitatively resembles some of the observations (Figg,
3.1d, 3.5b, 35a,37é) A | '
: -A better compar1son of organe]]e mot1on w1th ‘
,‘pred1ct1ons of harmon1ca11y bound Brown1an,mot10n results if
Chandrasekhar E formulae are used [Eq. (5 12)]. Ustng these
‘formulae and assum1ng that the part1c1es are of radius 0.2 =
'vmtcrometers, mass 3x10“4 g,-w1th osc111at1ons of 0 2 Hz.vint
twater at 294°K g1ves the predictions outlined in Table 5.1.
VThese pred1ct1ons are not compat1b1e with the observed a
mot1on It is 1mprobab1e that any- form of Brown1an ‘motion
could exp1a1n the. osc111at10ns of organelles

| Passive thermal forces are un]1Ke]y to taUSe the.
oecillatlons. An\aotnve, metabolically dr1ven, force.1s_more
p1a0sib]e.‘This'force presumably atso aots‘onﬁtranslatingr

‘part1cles TranspOrt 1nh1b1tors e11m1nate the translatlng

‘ component 1eav1ng a residual osc111at1on

\

5.4 Involvement of M1crotubu1es In Axonal TPahSpOPt

Whether axonal tranSport requ1res intact m1crotubu1es
'rema1ns cohtroverswal (Grafste1n and Forman 1980) Because'
of the small size of the system heing 1nvest1gated the
arguments for and aga1nst 1nvolvement have neé&%sarwly been
;1nd1rect. In-th1s study more 1nd1rect ev1dence.asso¢1at1ng
axonal transport with m1crotubu1es is presented L |

In the eXper1ments W1th rap1dly frozen and thawed

nerve, 1n1t1a11y transport was completely 1nh1b1ted After a

il
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TABLE 5.1

- Harmonically Bound Brownian Predici:‘ions

‘Predicted Obser ved
u?> ' 108 umz/sz ] 10-3 . to 1 umz/s?
x> . 3x10-8 um2 | _H10‘2 to 10 um?

1ag period-ot.aboﬂt five mtnutes'from‘thawing, the , .
‘o organelles resumed transport Concurrent with thws, there‘\f .
was a, reappearance of m1crotubu]es on tr‘ansverse sect1ons ow
axons (Plate 4. 2). When these processes were c]osely
“COmpared the recovery of axonal tnansport was. found to
para]le] the reappearance of mtcrotubu1es within ‘axons (Flg
4.3). In addition, colch1c1ne Prevented the-recovery of
transport and a]lowed only deCreased numbers of m1crotubu1es»
to reappear | 4 o ‘ . | |
Thesé‘data were‘ﬁnterpreted aé fol1oW5' Freezing'and
thaw1ng caused a rap1d depolyNEr1zat1on of m1crotubu1es P
within axons. %The m1crotubu]es d1sassoc1ated 1nto tubu11n;

d1mers Rapid ‘axonal transport ‘depending in some way on

1ntact m1crotubu1es, was 1nh1b1ted Over the f1rst ten~
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mmutes after thawmg the’ tubuhn d\merf’ we"e r‘eassenbled
| A»1nto m1crotubules A threshold derwity of m1cr0tubu1es was'
"reached ~and axonal transport resqud At “1r~st transpor‘t
was d1s_]o1nted. occurrmg only over shot Tnge vals \\hth
_further r‘epolymemzatmn, larger 5eQmer1ts °f microtubules
became ava1 1abla for transport The motmn then resembled
‘normal transport | I - —
Colchicine added to the thawa somt‘ons botind the
tubulin d1mers, this mh1b1ted any 1:urtr'e"' "easseﬂbw of
»m1crotubu1es (Margohs and W1lson 1981) © w‘thout sufhment
_xm1crotubu1es axona] transport rema1ned mmbﬂed
The Peappearance of m1crotubule 15 e"mamed by
..repolymemzatmn of m1crotubules w1thm ten minutes from
.thawmg Is th1s supported by the Kﬁown beha\mor of
m1crotubules'7 Depolymer1zat1on of m‘crot“'bules \mthm toad
/ scxatrc ‘nerves has been obse’rved at 2'C- h1s Was fOHowed . \‘
'by repolymemzahon after rewarm1ng to 75°¢C |
(Rodmguez Echandla and P1e221 1958) S“m]ar‘ e\/]dence for
in vivo r‘epo]ymer1zat1on of m1crotubu189 W‘thm o .
; Actmosphaemum nucleof i lum was fouﬂd to OQCur \mthm four
minutes of rewarmmg the specimen (Tﬂh@y ahd Porter 1967)
”Also, rates for tubulm formahon and dgstr‘uchon have been
' ';measur‘ed at 50 m1crometers per hour (Mafgohs ahd Wﬂson ’
| 1981). It 1sreasonable ‘to conclude tha’£ m"Cr‘otubules could.- :
repolymemze W1th1n ten mmute( of 1:hawmg

Another 1nterest1ng finding wasd ‘thot QQlchtcme totally

1nh1b1ted transport m’thm ‘ten mn—autes of g abphcatmn to
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129

_thawing nerve Yet, when appl1ed to nonfrozen nerves.
colch1c1ne requ1red one to four hOUrs to produce part1al ,
T1nh1b1t1on (Hammond and Smtth 1977) Thls dtscrepancy m1ght
lbe expla1ned by one of two mechan1sms

Colchlctne has a more rap1d act1on w1th free tubulin
than wTth 1ntact mlcrotubules

2. Cell permeab1l1ty to colch1cwne 1s 1ncreased after

-

I3

thaw1ng '
'~The first mechan1sm is reasonable Colch1c1ne 1nh1b1tsv.
dm1crotubule assembly by succe551vely b1nd1ng free tubulln
followed by the b1nd1ng of thls tubuJ1n colchtc1ne complex _

Thus, if the m1crotubules are already depolymer1zed th1s],3"
- reactlon should proceed more qu1ckly There 1s also ev1dence S
”for 1noreased permeab1l1ty of cell membranes after free21ng :
-and thaw1ng (Daw et al \1973 Wellman and- Pendyla 1979)
_Indeed the convolut1ons'and clefts observed on the axonal I
cell membranes after thaw1ng, indicateéd damage that- could
'poss1bly have allowed entry ot larger molecules 1nto axons

lPlates 4. 1a 4. 1b)

5 5 Character1st1cs Of Organelle Transport

, In this study the mot1on of organelles w1th1n axons - mas =
analysed u51ng sophlstlcated quant1tat1ve techn1ques Theg
'results obta1ned revealed certain basic features of

organelle movement A closer,exam1nat)on of these features
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might allow a better understanding of the mechanisms behind_
organelle movement . | ' :

In th1s sectlon several propert1es of organeile ,

! Al

transport are exam1ned

1. the osé111atory motlon,‘cT‘

'2;: the an1sotop1c motion, I (’B o

3. the fluctuat1ons in velobity;'and..

Aggfﬁhe veloc1ty d1str1butwons \

Each of these propert1es has poss1b1e 1mp11cat10ns
concern1ng the mechan1sm of transport ' |
; Next the stochast1c nature of organelle movements 1s
- Htscussed' Several quest1ons-arevcons1dered Does the random '
appearance of the mot1on 1mp1y a mechan1sm w1th random p
Features’ Could" an underlytng determ1n1st1c process be
respons1b11e for the apparently random mot1on of organe]1e57
| Could such a comp11cated behav1or of part1c1es occur in a .i’
"f1u1d flow mode17 These quest1ons are d1scussed in the ‘

~

context of the exper1menta1 observat1ons‘

I

F1nal1y, the abrupt changes in mot1on of some part1c1es
are. d1scussed Poss1b]e explanatlons for th1s behav1or are

exam1ned . , . '_ R '.' e

.

5 5.1 Osc111atory Mot1on o

-

“An 050111atory component of motton was supertmposed on

7

- the movement of all parb1c]es Both trans]at1ng part1c1es-
and stat1onary part1c1es exh1b1ted th1s mot1on No. .
d1fference could be found between the osc111atory motion. of

< . . / . AR .
. . :
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translat1ng part1cles and that of stattonary part1c1es
Indeed these two processes were pﬂobably the same Agents
that 1nh1b1ted axonal transport destroyed the translatory
COMponent 1eav1ng a reswdua] osc11lat1on The 050111atory
mot1on was pervas1ve 1n organelle transport No mov1ng |
organe]]es were observed w1thout it. Moreover, osc11]at1ons\_

| were the 1ast component of mot1on to d1sappear when e
transport was 1nh1b1ted Itf1s poss1b1e that osc111atory

S mot1on is a necessary and fundamenta] component of

: transport S1nce thermal mot1on could . not cause these E

» osc1]lat1ons,,they must result from a metabolic process. The :
osc111atory mot1on probably is a resu]t of an underly1ng

W mechanochemfca] mechan1sm | » ‘

" One. further aspect of the osc11latory mot1on should be "

dtscussed Was there .any ev1dence that these osc1]1at1ons
_were sa]tatory° Rebhun X (1972) def1n1t1on of sa]tatory
‘motion requ1red that part1cles exh1b1t 1nterm1ttent Jumps of
severa] m1crons at veloc1t1es of several m1crometers per
.second The~veloc1ty of: part1cles undergo1ng sa]tatory
mot1on must Qé d1scont1nuous Wh1]e occas1onal abrupt

' movements of part1c1es were observed ‘on the average, the-(
observed mqvements were smooth.. By smooth it-is meant:that :
1ow frequency (<0, 2 Hz) components/of,mot]on predominated:

, Abrupt mot ions would'begindﬁcated by by the presence of high
frequency components No sUCh high‘frequency oscillattons |

were d1scern1ble— w1th1n the Tﬁm1ts of exper1menta1

; accur acy
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. " There are precedents for osc1llatory motlon 1n other
biolog1cal systems. Flagella.‘c1l1a (Brokaw 1975) and

?nsect flight muscle (dewel and Ruegg 1966) have oscillatory

'mechanlsms. The mechanism for osclllat1ons ‘within neurons

\tremains unKnown The oSclllations of'cilia are thought to

result from 1nteract1ons between m1crotubules that are
contalned w1th1n them. It may be that 1ntraaxonal |
mvcrotubules 1nduce osc1llatory movements of part1cles l

through a related mechantsm.

‘

55 5.2 An1sotrop1c Mot ion

Organelle movement had two an1sotrop1c featunes

1. lhe transport of organelles occurAed long1tud1nally.

2. The oscillations of organelles were directed

longitudinally. -~ .
Gu1d1ng tracks or channels could account for the = - -

long1tud1nal direction- of" transport (Leestma 1976) It is ¢

‘poss1ble ‘that s1mllar structures could constraln

o, . g I

5.5. 3 Ve1001ty Fluctuat1ons

Wlth the fluctuat1ons 1n poslt1on of transportlng

:‘/part1cles, there corresponded fluctuat1ons in veloc1ty

‘S1nce the movement of organelles occurred w1th Tow” Reynolds

numbers, each organelle s. velocity was dmrectly relatedrto
the net force actlng-on.lt.dA fluctuating‘velocjty indicated

a fluctuatingfforce.‘Either variations in drag'or'variatibns\;

-



" in drtving'foroe oould have caused these.fluctuattons.in
veloc1ty (Koles et al. 1982a) . . ‘

_ Similar fluctuat1ons in velocity. occurred w1th
: part1c1es‘mov1ng about‘flxed pos1t1ons. The drag eXperienced
by'Such a particle is directly‘proportion?1 to its ve1oo;ty"
[Eq. (1. 4)]- Swnce the partlcles that moved about f1Xed

,}pos1t1ons had no net ve]oc1ty, they exper1enced no net drag

Thus, their back and.forth mot10n could not resu]ttfrom;

) - fluctuations in drag~ It seems more 11Ke1y that a

fluctuat1ng dr1v1ng force could be responsible.

| The osc1llat1ons .of both translating and stationary
part1c]es poss1b1y resulted from the same process Now,”ir’ae'
f}uctuat1ng dr1v1ng force ‘caused stat1onary part1cles to
move bacK and forth then this .could ‘cause fluctuatwons of

‘transport1ng part1c]es too RN

X 45.5.4 Ve]ocity Dtstributions |

The dlstr1but1on of 1nstantaneous veloc1ty for' o
.dorganelles that moved back and forth about f1xed pos1t1ons
‘was un1moda] (F1g 3. 14) Translat1ng part1cles also\haye‘
un1modal d1str1but1ons (Koles et al. 1982a) Gonberg'and”'
. assoc1ates.(1978) proposed a theory in which organelles
alternated between mov1ng‘and nonmoyyngrstates The1r theory/
predibted a bimOdaT distripution of vetocity In the present

study, thqge was no ev1dence to support this theory
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" 5.5.5 Complicated Nature Of Particle Movements
- The mot1on of 1nd1v1dual organelles within axons. had
/several character1st1c features:
'1, Each partlcle ‘moved independent ly of its ne1ghbours
2. Part1cles w1th1n one micrometer of each other took
d1vergent paths | ‘ v ‘ A 7
{3.“ The motion. of" 1nd1v1dua1 part1cles was punctqated by
' Unpredlctable changes in speed and direction. .
4,' The 050111atory .motion of 1nd1v1dual part1c1es var1ed in
| ampl1tude and frequency in an apparently random manner
although these var1at1ons occurred w1th1n narrow‘bounds.
- 5. Part1c1es that were osc1lia€1ng about fixed pos1t1ons
could unexpectedly start transport1ng and vice versa
Three poss1ble hypotheses for these rather complex moi1ons
are d1scussed here. ‘ |
.F1rst,\the mot ion might~result From§a periodic process
with a sUperimposed rahdom noise (Bendat and Piersol\i971f:
7.Basica11y, some deferminisfic‘mechanoChemicaltprOCess could
drive part1c1es while the added noise could result from |
,'random pertUrbat1ons 1ntroduced by‘ne1ghbour1ng
: 1ntrace11u1ar processes Is th1s hypothes1s of organelle -
'movement supported by the exper1menta1 data? The theoret1ca1h
power spectrum for th1s hypothet1ca1 process wou]d conswst
of a d1screte de]ta funct1on with a surround1ng smooth and
' broad,spectrum In th1s study the per1odograms obta1ned _
showedllarge‘peaks genera]ly be1ow~about 0.1.Hz‘ Within' the

"limits‘of experimental accuracy,va.discrete delta_function

, T
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cannot'be,ruled out. This sort of process is one of several
that could be considered. M
- Second, the motion may result from a narrow band random

process: Here, the motion of an individual particle would be
randomffHowever, these oscilfations would be restricted to a
narrow band of frequencies. This restriction on fnequency”
could,result from physical constraints to particle
~ movements, or from mechanochemical limitations on the
driving forces. When the data from this study were reviewed{
the per iodograms were qualitatively consistent‘with narrow
band random processes.

While the comp11cated mot1on of 1nd1v1dual organelles
.could result from an under1y1ng stochast1c mechan1sm this
is not necessarily so. It is: poss1b1e for a determ1n1st1c
'.mechan1sm to produce a comp11cated and apparently random
mot1on (May 1976). The resultant power spectrum from such a
process cou1d mimic narrow band or even w1de band random
data This third hypothesis is examined 1n;deta1l 1n_the
.follow1ng text - | |

The term chaotlc can be used to descr1be the
comp11cated movements of part1c]es governed by determ1n1st1c
equations (Ott'1981). Chaotic motion, wh11e apparent]y
random, is not‘necessartiy so:(EcKmann 1981). Three cr1teria
for - chaot1c mot1on are: o
”1.1‘a sensitive - dependence on lnltral condltrons
'.2f‘ the power spectrum of such .a process cons1sts of a

~

re]at1ve]y broad band andA .

e . o - /
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3. the motion is aperiodic.
fhe motion of intraaxonal organelies generally appeéred to
satisfy these criteria. |

How could chaotic motion occur within axons? I1f we
consider»fluid flow models then is it reasonable to assume
‘that the motion of organeiles results from turbulent filuid
flow? This 1atter question might be ansuered by considering
the flow of fluids within tubes. The Reynolds number for
this type of flow is (Geankoplis 1978):

/
R=ayp/17 .

(5.14)

o
A\

A3

where a is the diamefer'of a tube. Substitute in values to
‘maximize the Reynolds number, for the case_of flow wfthin'
axons: the diameter of the tube caﬁuot be-larger than the
’diameter of its axon Fhus let a = 10 um; the speed of the |
flow should be about the usual speed forbpartieles thus v =
1 pm/s;vthe denSity of axoplasm, p = 103 Kg/m3; and the
‘v1scos1ty of axoplasm should not be less than that of water
thus 7= 1x10-3 Paes. The resultant: Reynolds number is
1x10-5. A ffow within a straight c1rcu1ar tube 1s‘a1ways
‘1eminar‘when the Reynolds number is less than 2100. Thus
turbu]ence cannot occur within any conceivable flow within
axons. Chaot1c mot1on of 1ntraaxonal organe]les cannot

resu1t from turbulence of f1u1ds
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We are still left with the question of how chaotic
motion could arise within axons. For fluid flow models to be
feasible, it is necessary for a complicated system of
channels or guides to exjst within axons. These channels
wou 1d necesearily be about one micrometer wide so that a
channel could be individualized .to each part{ole. On the
other hand we ceuld‘abandon the microstream hypothesis for a
mechanism that moves particles through a stationary flujd.
This mechanism probably would(nave to be individualized to
eaeh°narti¢le. ‘ “ o

The cdmpliceted motion of organelles can be further

analysed by constructing phase jiagrams. A’”&.se,diagram

consists of the curve defined b plotting/: 5.)'Versus its

corresponding_function, x(t). The resultaﬁ‘ Qe in phase
.spECe is termed an orbit (ﬂofstadter 1981). A phase diagram
was pndduced‘frqm*observat?gne of a moving intraaxonal
organelle in Fig. 3.10. The resultant se]f*intersecting
orbit describes the complicated motion ef an organelle

_How can thé phase diagram in Fig. 3. 10 be 1nterpreted°

yﬁthin an axon.
The orbit meanders over its phase plane in an apparently
random manner. One simplistic interpretation is that some
random influence pemturbed the motion'of the particle.
However , if'the particle’s motion‘is cnaotic,aits motion
cou]d be entirely deterministic. Tne meandening orbit could

then result from a sens1t1ve dependence of the process on

1n1t1a1 cond1t1ons o
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While the orbit in Fig. 3 10 has a complicated pattern,.
it is conf1ned to a bounded reg1on of. its phase plane. When
“such limits are imposed on phase orbits an attraotor‘1s said -
to be'preSent‘(EcKmann 1981). Often orbiis around attractors
have'weli-defihed ovoid patterns. However, the'orbit in Fig.
3.10 shows no such pattern. This sort of behavior could
~indicate the‘presence of a stréhge‘attractor.”Again, such
properties arise from nonlinear equations of motion.
| ' The main' point of this section is that while the ;
osc111atory motion was- comp11cated and had apparent]y random
epropert1es, 1t could also be deterministic. It is poss1ble
for\a:veﬁy complicated motion to be‘determin1st1c.‘lf the
process were’deterministic, then the complioated motion‘of‘
organe]les wou ld be a reflect1on of under1y1ng non11near |

processes

5.5. 6 Abrupt Changes In Mot1on

One other type of movement was observed ‘within axons.
In’certa1n preparations some‘part1c1es alternated between
stationary and'translaffng sfates. A bartic1e could |
. oscillate about a fixed position-then abrupt]y’start T
translating. This mot1on was on]y rare]y observed within the
control preparations. Only those preparatwons with inhibited
transport commonly &xhibited this motion. |

It must be emphas1zed that these abrupt changes'in i%

mot1on were not ‘the saltatory motions descr1bed by €arlier

‘workers (Leestma and Freeman 1977; Forman et al. 1977a)..
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'These early studies were observations‘on the uninhibited

transbob;oof organelles, while the abrupt movements |

discussed here;resulted from partially inhibited transport.
What aae the'faofors that cause these abrdpt‘movements?

No assoc1at1on was found w1th frequency of osc1l]at1on

total velocity, nor amplitude of osc1llatxon Perhaps these

trans1tlons resulted from the 1n1t1at1on of a dr1v1ng force.

\
|

Jor the remova] of a res1st1ve force. 4
Another possible explanatwon for these movements

1nvo]ves chaot1c motion. Under certa1n cond1t1ons a part1c]e

mov1ng in the chaot1c regime may take an orb1t that d1verges’

fromt? region of attraction. For example suppose the

' equation of motion of an organelle resemb]ed?thefDuffing

~equation (Davis 1962):

: X""L X + ax? = b sin(kt). ' o
' o : ' (5.15) -

»Here,~the positfon é% an'oﬁgameJie is xf;iX(t); a, b, and k
are cohstanfs A particle moving aooofdihg fo the DuFang
'equat1on may osc111ate about ‘an: attractor or 1t may take a
.d1vergent pathg A numerical so]ut1on of the Duffing equat1on
J1s shown in F]g. 5.4. This so]ut1on exh1b]ts a-typ1ca]“
-divergence. | | |

| The po1nt to be emphas ized here is that a determ1n1st1c.
Jiprocess could produce the abrupt changes in mot1on of

<+

organelles. The complicated motion of organelles may be the

I
|
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resu]t of a relat1ve1y s1nple, but nonl1near, mechano-

»chem1ca1 process

o

5.6 Conc1uston‘l

The primary aim of this study was to investiéate the
"res1dual motion of. 1ntraaxona1 organe11es MUch-udrKvwas

rdevoted to demonstrat1ng that thermaM7ﬁmhbas could not
. ng«&‘ ; ‘.“‘W
produce th1s mot1on Slnce Brown1an ot ¥

‘ “was ‘an improbabie
o cause of this mot1on,‘then the motibn’should be secondary to

a metabolic process

e

\

Norma] axonal transport cons1sted of two components

1. a translatory conponent and R

; av1ng nes1dua1 osc111at1ons W1th further

The osc1llatory component of transport was quite
comp11cated E1ther a stochast1c process or- a nonl1near and
) determ1n1st1c process: could produce th1s mot1on Th1s
"\dtstwnctﬂon wh11e apparently abstract does have
Jmp11cat10ns concernjng>the dr1v1ng mechanisn."The mechanismv“
could either be a stochastic process, analagous ' to Brownian‘ ;
{: motion,orva'highiy,coordjnated and compltcated |
hechanochemicalbprocess. It is probable:that the -
‘oscfllatiOnslare caused by the underTyingfmechanism for

.transport. Perhaps these oscillations are a result QF an

|
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' oscillatory chemical reaction, or some cyclical control
mechanismhgovernfng a'mechanOChemiCal process
| A secondary aim of th1s study was to 1nvesttgate the
recovery of axonal transport after free21ng and thaw1ng
‘This stress 1nh1b1ted transport 'and destroyed 1ntraaxonaln'
- m1crotubules Both of these actlons were spontaneously
revers1ble Recovery of transport paralleled the
reappearance of m1crotubules Furthermore colch1cine'
eprevented both recovery of . transport and reappearance of
microtubules. Because of th1s ctrcumstantlal ev1dence,‘it~‘
; was concluded that axonal transport likely depended on
microtubules. = . ~ . | .
The flnal goal was to study the motion of organelles 1n3
»orden to evaluate several postulated models for transport
| Unfortunately, none of the currently popular models cbuld
expla1n all aspects of transport. ST - \

From the- observat1ons .and theoret1cal cons1derat1bns

,examxned in thjs‘the51s, several hypotheses concernlng

. transport can'be proposed' N

;1". Fast axonal transport 1nvolves pr1mar1ly parttcles . - o
The dr1v1ng force 45 1nd1v1dual1zed to ‘each part1cle \\
The dr1v1ng force is both osc1llatory and b1d1rect1onal

b w N

Some mechanlsm ex1sts to convert bldlrectlonal ) g
0501llat1ons to un1d1rect10nal movement. |
5.erhere 1s a recogn1t1on system that determines the speed
and(d1rect1on of travel for each part1cle

/

6. Transport requires’oxidat1ve metabolism. -
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7. Raoid akonal transport cou]d‘possibly.depend Upon intact,

microtubuleS' as‘strUCtural supports{ asvgutdes;for~i
movement or as components of the dr1v1ng mechan1sm
To go any further and construct a detailed model would

requ1re several assumpt1ons. Any one of these assumpt1ons '
wou]d ]1Ke1y be 1ncorrect Rather than construct1ng an -
.Jabstract-modet the best way to understand the mechan1sm of
axonal transport would be to perform well deSIQned
;experfments that are aimed. at eluc1dat1ng th1s mechan1sm
"~ Any understand1ng of the mechan1sm of transport musf be |

‘c]ose]y based on exper1menta1 resu]ts

Ty

il
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