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In the present research 2 comparison’ has been made of the effects

of b1ockade of axOpIasmic transport in a rerve to the h1nd 1imb of a .y

. salamander. with those of sectioningvthe nerve. the parttcu?ar focus of )
attentiOn was the periphera1 fields of adjacent neryes to the same limb

The normal touch receptive and mctor fields of the spinal segnental nerves
_lS 16 ‘and 17, which 1nnervate the hind Iimb uene found to be- bi]atera1lyg'
'syunetrical Both after section of nerve 16, or after acute ‘treatment of -
it with co1chic1ne. a dr"n uhich blocks axop]asmic tranSport the adjac—

ent nerves rs and 17 significantIy 1ncreased (P <D 05) the size of their

touch-r _ept1ve fields; 1ncreases in motgr fields were statist1ca11y

AN

f,signifi ant pnty after partia] denervationy: Howeverr after co]chicine.

.and in contrast to nerle section; the fielfis of the treated lﬁth.nerve

were nOnnai ‘Electrop sioiogic _rphoﬁogical studies showed that

-

~toich1ci~e appIication did not provoke Halleriap degeneration 1n the .

&

v N

;treated nerve. and 1mpulses conducted normally 1n 1t._ Houever. colchicine
- i treatment produced a. blockade of the fast axop]asmic transnort of cate-

‘cholamines and cho]inesterase. as shoun by histochem1ca1 methods. preSum-
_J* e

;L—U .

ably the axOnal transport of other substances was also blocked The

'. colchicine also significahtly reduced the number of m1crotubu1es in the ;',
. treated axons. Taken as a whole, these findings are consistent wtth the .
concept that the size of peripheral nerve fields may be-regulated by "
trophic factors uhich are continually supplied to the target t1ssues by

fast axoplasmic transport. lt.is the.reductiqn in the supp]yTof~these
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‘ factors along sectioned nerves which is responsible (Br the collaterﬂ
sprouting of adjacent nerves. . - ' ¢
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« RESUME

Axop1asm1c transport and the regulation of per;pheral nerve fie]ds

.The present research was, designed to study the mechanisms which
‘\
control col]ateral sprouting of nerve fibres. Cgllateral’ sprouting-
designates the.growth of new branches from parent nerve fibres. This

study, therefore, is also concerried with the mechanisms which regulate

‘the size of the periphera]‘fields of nerves , and relates particularly

to the spina] segmenta1 nerves 1nnervating ‘the h1nd 1imbs of sa]amanders

. It has been demonstrated in a variety of experimental and c1in1ca1

situatlons (uhich 1nc1ude the sa1amander hind 1imb), that after partiai“

denervation adjacent undamaged nerve axons can Sprout. and. take over,

]

who?]y or fn part, the denervited regions. From such studfes it has
been 5uggesteo that the following factors may beé responsible for collat- ~

eral sprouting: (1) unidentified products-of nerve degenerationi .(2)‘

a factor released by the denereated tissues; (3) a factor released.by'

proliferating Sohiann cells, or (4) lack of function ot the denervated |
area. It'has alse been suggested that the'nerve sproutshthemSEIVES may .
"brake™ the mechanism producing the stimulus for sprout1ng Some o?f
these ideas are implicit in Cajal's (1919, 1928) hypothests of neuro-
tropisn. an appropriate density of epithe{jal innervation, he suggested,
may be achieved during embryological development by means of on-eQujﬂ
11brium between an fattrqgtant'.substance réleased’by target (epttheliai)

cells, and anbther'substanoe"released by nerve fibres which would be

L

- ) N -_. - | | ) 1

! . oo

.
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inhibitory to the. further development of new branches. possib]y by its
interaction with the growth promoting factor

' 1f this kind of system survived throughout the 1ife of the

animal, then it is conceivable that it might\::\involved in the collat~
h

eral sprouting‘after,partiai denervation. T

—~

reasoning provided the .
e

rationale for-thE-present investigdtion. "The hypothesis'to be

examined was that coiiateral sprouting after partial denervation is due: -

to the elimination from the periphery'of some neurotrophic factor, °

.
uhich normally offsets a sprouting stimulus It was assumed ghat the

~t
)

neurotrophic factor would be synthesized in the neuronal soma, and be -

4 1

carried towards the periphery by axoplasmic transport. It would be

predicted, therefore, that blockdde of such‘transport,(py nerve section

for‘example) would provoke collaterai sprouting in the peripheral fieids '

of nerves sharing a common territory with the nerve in uhich transport
s eiiminated ‘But c0u1d such transport be interfered with select-
tvely, Ieoving the nerve otherwise intact and funttioning?

The present investigation tested the hypothesis by algowing a
comparison of theeefigcts of nerve section_uith those of selective '

block of axoplasmic transport in the nérve achieved by other means.-

Colchicine is known to'cause such a blockade. Therefore, an acute

-

appiication of co]chicine solution was made to one of the three spinal
nerves which share-a COommon territory in the salamander’'s hind 1{mb. |
The salemander was seiected s the experimental mode) because previous
work by Stiriing (1970a) shoued (1) that the hind 1imb of the salamander
is innervated by three spinaigsegnentar nerves (15, 16 and 17) which '

- ~ e
. have bilaterally symmetrical touch-receptive and motor fields, and (2)

. ) - s

] ) ‘ - r .

&
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section of the nerve with the ‘lasgest field (16) provokes a_signiffcant'
Increase in touohfreoept1Ve and motor fiélds of nerves 15 and 17 on the
same side.’ _ f o o S .

" Since colchicine can kil nerves, the. first Step was to fino.a

dose range. which did not cause 1nnediate1y detectable changesfin nerve
funct;on With tnat oim 'nenpe'trunks were exposed in vitro to co1cnt-
“cine sotrtions of vari0us concentrations for varying times. and the

: effects 0 su;h treatment on compound action potentials were studied
It‘gas found that application of 0. ZH colchicine decreased the compound

| action potential, but lower doses;of cp]chicine.(0,0ZSM to 0.1M) "

appiied for 30 miriutesnveve apparent]y 'ineffective‘-in tnis regard. These
.doses therefore,. were tifd in the subsequent experiments. which were W
carried out in ghe fo]lowing groups of animals: l.wnormal or unoperated
salamanders. 2. le@anders in_which-right nerve 16 was cut, 3. sala-*“.
manders 1n.whjch-ri§ht'nerye 16 was treated_uith-colch;cine solutions,
4. salamanders in which nerve‘lﬁ'was treated with emphibian Rgnger only,
© and 5. salamanders in which a ;omoination ntj used of nerpe 16 section -
and nerve 15 treated with colchicine In all animals the followdng
observatﬁons were perfarmed: 1. visual inspection of the pattern of
uau;ing and 'reﬂ:ﬁvements. 2. eloctrophysiological mapping of touch-'
receptive, fields.

t of nerves 15, 16"and-17 on both sideo. In addition, monholdgical
studies. and histochemical’ones of. axoplasmic transport were carried

. out on selected rierves. o o

1. Behavioural observatichs: The principaitaim of the behavioural ob-

- servation uas‘to'asfeéo an} gross 1mpaiqment in ioliing:_i.e. dimping,

nd ‘3. electrophysiological mapping of motor fieIds : .

i



" which could be attributed to-nerve damage. and to follow the time-course
of functional'recovery Limping was classified on the basis of the"

‘degree of functiona\ loss. It was found that section of nerve 16’ caused '
\__\ .,

severe limping during the first pbst- operative week; but on the average
by the twenty~third post- operative day salamanders]showed only ninlmal

V11mp1ng. and by the thirty-fifth post- operative day they had recovered

e .
or no limping, at any time. The 1imping observed in co1ch1¢jne treated >

' |
salamanders resembled that 1n saline-treated controls and was attributed
. &>
to surg1cal trauma of hip muscles. Those salamanders in which nerve 16

normal walking. Co]chicine—treated salamanders, howtver. showed minimal-#-

" was cut and nerve 15 treated with colchicine never recovered norma]

walldng\ . . , ’ . ) .

, ;eflex withdrawal to skin stroking was impaired 1n some sala-
~manders in the first few.weekq after section of nerve 16. but not after
. & ” . .

colchicine treatment.

2. 70uch-receptive fields in hind Iimb 'Ehe skin was 1ightly stroked

with a bristle, and from some skin regions-such procedure evoked a dis-
charge-bf impulses which were electricalfy recorded as "spikes” from the
uhd1e nerve. trunk By exploring the hind 1imb skin unda-adissecting
nichSCOPQ a map of the area 1nnervated by a given nerve trupk was con- '
structed and measured in this way. [n nonnal salamander; the area
linnervated by a given pair of spinai nerves did not differ significantly
from side to side, i.e. the touch- receptive fields were bilaterally
rsymnttrical After section of right nerve 16, the touch-receptive

| fields of nerves 15 and 17 increased significantly on the operated side’

u1th1n 8-10 days. the 1ncrease being first detected on the fifth post-

\\‘“‘ . )




operative day. After treating;right nenve.lﬁ nith~colchicine solutions
{0.03M to 0.1M) the total area innervated by right nerve 15 and 17 was
als;‘significantiy Iarger than that inneryated by corresponding nerves -
on the untreated (left) side. There was no significant effect.when\right
16 nerve was treated with 0.025M colchicine Orgiess._ The amount or
time-tourse 'of the.increase {with 0.1M coichicine) resemb]ed‘that after
“section of-nerve'lﬁ Houever while section]ot right nerve 16 resulted
in the complete eiimination of its-touch- receptive fie]d that of

colchicine- treated necve 16 did not differ significant]y from that of

the normal nerve 16 on'the opposite side. this was true even though
significant increases_in the fields of nerve 15'and~IZHOCcurred after -
colchicine treatment. When nerve 16 was sectioned and nerve 15 was
treated with colchicine; the latter did not -show any increase in its
_touch-receptive field, although nerve 17 did.

3. Motor fields in hind 1imb: After the mapping of. touch- receptive

fields was performed; the hind 1imbs were skinned, the nerve trunks
nOunted on a pair of platinum wire electrodes, and an electrical stim- [/
ulus was appiied.to the nerve and gradually increased untii the naximal

. electrical response uas'ohtained from the muscle.. -Seven muscle grodps
iuere routinely sampled. The motbr fields were as;}ssed as the number

of muscle groups which responded to the electrical stimulation of the _
nerve'trunk It was found that the motor fields of nerves 15, 16 and 17
were symnetricai in nonnai salamanders. In salamanders in which right
nerve 16 was CUt. nerves 15 and 17 increased signifitantiy the size of
their motor fields In salamanders in which right nerve 16 was treated -
with colchicine (0 025H to 0 1M) the right nerve 15 was often found to




E have taken over op to three muscle groups., as compared with left nerve
15 (untreated side); however, such changes were not Srgnif{cant»ror the

: ehole group. In the group of se]ahanders in which nFrVe 16 was sectioned -
and nerve 15 wa?‘ireated with\Eolchicine. the motar ffe]dsiof'nerves 15
and 17 od the treated side did not differ significanely from those on

the untreated .(_left) side. . - ' o .

o ~
.

[

The increase in the size of touch-receptive and motor fields'ﬁas
been attributed to collateral sprouting, sinceJthere is morpeolgoicaI
andmfuncf{bnal evidenCe of its occurrence after partial denervation in
several amphibian and mamhalian sbeciee. ‘An alternative interpretation
uould be-~that non-functional but ﬁorphologically normal nerve endings
were there from the beginning. and had become functional after partial
denervation. this explanatibn 1acks a direct demonstration, and for that
reason { favour the tnperpretqtion that the increase in peripheral fields
of innervation ie due to collateral sprouting. - T T

. The fact that-the peripheral fields of the colchicinthreated
| nerves did not differ significantly in size from untreated ones, and
- that the beheviour of such treated animals uas'normal.lmakes unlifely

- the possibility that iack of function or of impulse conduction may be

the factor which triggered co1latera1 sprouting. It is reasonable
there}ore to postulate that nerves are’ conttnually supply1ng tbe peri-
phery uith 3 presumed ptrophic factor uhich is concerned with the regu-
lltion of the size ‘of periphera1 fields of innervation. The coﬁnlete
eliminat{on or a significant decrease in the supply of such a trophic

" factor (caused by nerve sectien or by block of axoplasmic transport)
QOUId tﬁeq be responsible for\ihe'development of sprouting iﬁ the adjac-

s
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ent nerves. )

However, sinoe it is known that colchicine treatment can lead
to Wallerfan degeneration of nerves, the question arises oﬁ whether co]-.
chicine wasieffective‘simplytpeeause it causeo significant‘nerve degen- o

~ eration. .'fntt problem was aoproached in two ways: 1. electrophysio~m
logical studies‘uere performed 14.days after nerves were treated ke t%
colchicine, ano 2: morphological studies were performed on (a) normal
'nerveﬁ;_(b)'nerees whtch were sectioned 3 or 14 days previous'to fixa-
“tion, and (c) nerues exposed to colchicine soTuttons 3 and 14 days -
'previous_to fixation. o - |
(1) The eleCtrophijoiogtcal'Studiesfshowedathat the compound action
"_potential-of co!cnicine-treated nerves did not differ sianjficantly .
from those of untreated nervea insofar»as fatency. time to'peakﬁamplitude..’fﬂ
and peak amplitude was concerned (11) Light micr?scopical and ultra-
structural studies showed that colchicine treated nerves: -did not differ A
s1gn1ficantiy from untreated nerves. except for a reduction in the
density of axoplasmic microtubules to about % of the.normal. Onﬂy two
out of i6 colchicine-treated nerves shoued obvious degenerative changes
14 days after treatment with -the highest dose of the drug. 0n'the'%ther
hand 3 days after nerve section the axoplasm looked shrunken ‘and at ld'
days all the nerves were in advanced stages of degeneration Taken as a
| -hole. these data indicate that coIchictne solutions (0. OZSH to 0. M)
were not effective because they provoked Ha!lerian degeneration;
" ‘In crder to assess whether or not colchicine doses used in the

present research did indeed interfere with axoplasmic’ transport of Lo

-aterials.#the histochemical methods for catecholamines (Fa]ck-Hi]]arp

1
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methbd). and “for choiinesterase éacetyl -thio- choiine method) were used

_ to visualize the norma! presence or reductien of axopiasmic transport

. When a nerve was crushed there: was an accumu]ation of a strong]y fluor-

escent material i e, catecholamines or an accumulation of a dark broyn.-

material i.e. products of cholinesterase activtty. proximal to the site

of the crush These findings are consistent with the ‘hypothesis that

of axoplasmic tran

such substances are transported a]ong axons toward nerve endings. their '

accumulation being the result-of - the disturbance of axoplasmic tranSport-d

‘caused by nerve crushing. Hhen co]chicine solutiog; (0.025M to 0.1M)

were applied 1 hour previously to such nerve ¢rushing, there was a‘
decrease in" the accumylation of‘both catecholamines and’cho]inesterase

above a crush. “With 0. 025H colchicine such decrease was aimost neglig-

-t

ible, but uith_O.]M colchicine practica11y ho accumdﬂation/ef‘cate-

- hoianines W3S observed ‘The . findings indicate that the -doses of col-

chicine which uere effective in causing\sorouting of adjacent nerves .
produced a reduction in the axopiasmic transport of catecholamines and

cholinesterase.in a fair!y-dose-depend t manner; presumabiy. there;oref

the axoplasmic transport of other substances carried by the fast phase

rt-was also biocked. - A

" —

Conclusion

A

lt is concJuded from se studies that the'increase in tough-

receptive fields of nerves 15 and 17 observed after_both section'of

;,nerve 16 or after treating neride 16 with colchicine solutfons is due to

of pe;dpheral nerve flelds. This factor is carried there'byfdast axo-

_the elimination or significant decrease in the supply to the periphery

;r'dgceetrophic factor which {s concerned Nith:tﬁi'r39“1°t’°“ of the size .

, .

"
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'plasmic transport in the peripheral nerves. 'It isapossible that such a

trophic factor normally-inhibits sprouting in adjacent-nerves or neutra-
\ .

'lizes the activity of stimulant substance(s) released hy target

tissues This hypothesis of course. rests on circumstantial evidence.
',and the chemical identity of the presumed trophic factor(s) is unkndun. .
"houever. it offers 3 reasonable explanation of the knoun facts. is open‘ i
'to further investigationr and has the attraction of also explaining the

. establishment of nerve fields during primary development

.
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“part 1  GENERAL INTRODUCTION

r.-
4 " This research is concerned with the mechanisms which provoke

E

Lco!lateral sproutihg in ner#e fibres, and therefore with the possible

W

:existence of factor(s) which regulate the size of peripheral nerve

fields. It has been shown that after partial denervation of a struc-

‘ _.
[
o

ture, undamaged nerves adjacent to those which,degeherEte sprqut.ingq
the denervated area..'THis response of the normal fibres, in contrast

{ to regeneration of demeqed ones, is known\as»co]latefal sdrcuting. Such \

| sprouting has Seen shown, for instance, in hind 11mbﬂmu5c1es of mammals ’

| (Edds. 1950; Hoffman:‘1950).“for the cutaneous nerves.in tail fin of S
amphibian iarvae (Speide1 1933 "1941), in the spinal cord of cats (Liu ;@mlsig

" and Chambers, 1955, 1953). and in the sxxal nuclet of rats (Raisman, 'e
: o

_1969 Raisman et al, 1973) These examples. which together with others:

.
.

’ n111 be discussed in greater detail in subsegquent seCLions. furnish ;/

amp]e evidence of the phenomenon of co1latera1 sprouting both 1n the ‘
entra]. and perigheral nervoys system. _ ' _
One hypoihesfs to exp1edd co!;eteral sprouting is that of Caja1l

(1919, 1928), and proposes that the denervatedatissues\ or products of
nerve degenerition. oe the proliferating Schwann cells, provide the
stimulusruﬁich triggers the nerve sprouting, and directslfrom a_distdﬁce
the odtgroqing nerve tips toyerd theie'target'oegans. Cajal's hypothesis
.of neurotropism also Suggested that an appropriate density of fnnervat!on-

- may be achieved by an interaction with ths stimulus of a substanCe ;

released by nerve fibres themselves. ‘this "neurotropic” agent would be
' - : - .10 - v ) ' -

B . ) ' - . .
. : . o ‘ 1 _ ¢
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" inhibitory to their ‘own further growth, as well as to the growth Bfr

other nerve fibres arriving later on into the new innervated territory:

" Of course, denervation causes other changes than those defined —~—

in the above,hypothesié; for example there could be important function-

al deficits - both behaviouraI and of the actual tistues deprived of
their nerves In addition. there will be a blockage of material move-
ment along the cut nerveé fibres. a pbint of great importance in the:
present study. S ) . | S "

<~ ' f%e observations that after nerve section the distal parts of
neurons and often their effector organo underwent degenerative changes

(for a review of the ear]y tite ture see Cajal, 1928), led to the.

" notion that the neurona1 body certainly produced some "trophic" factors

uhicn were essential for the‘norma1 structure and function of axons ‘and
their target organs.' That therélis indeed a continuou§ supply of |
llterials moving from the neuronal.body touard the nerve endings was
shown by Weiss and Hiscoe (1948). and it seems reasonable to assume
that the proposed ”trophic% factor(;) could be carried by such an axonal
transport system. - : P '. -

The present research attempted to provide evidence that:axoplas-

| -ically transported trophic iactors may fndeed have a ro1e in deter-

mining the size and pattern of nerve fieldgxin the skin. and muscle of

L]

tﬁe salamander’s hindflimb .
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Part I-A STATEHEHTIOF THE RROBLEH ‘

K -
It has been shown previOusly by Stirling (1970a). that the ~

sa]amander hind Yimb is usuaily innervated by 3 spinal segmenta] nerves
(15 16 and’ 17). and that section of the nerVe with the largest touch-
receptive and motor fields (nerve 16) results in an increase o} both
~ the tOuch-receptive and motor fields of the rema ining nerves (15 and 17),
presumably by their‘collaterai sprouting. The following factors may\be'
‘considered as the stinulus for this sprouting lr products of nerve de- -
generation. 2. the reiease of a sprouting promoting ‘substance from the
denervated skin and muscle, 3 jdem by proliferating Schwann‘célls
(this respbnse {s associated with Haiierian degeneration of the nerves).
4. loss of normal movement, r?flexes and sensation from skfn, or 5. the
decrease in the supply of a trophic factor supplied to the periphery by
the nerve uhich was sectioned ? '
Colchicine 3 drug which blocks axoplasmic transport, coyld in
]theorj. electively result 'in phenomenan 5. without causing any of the
other changes produced by nerve seCtion except a phenomenon perhaps
analagous to that of 2. above. The Question then was - can a selective
inpairnent.of axoplasmic transport cause collateral sprouting of un-
treated adjacent n;rves.'like that seen after section of a nerve? 1f
the experiment could be achieved. and if the answer were "yes", then the
case for the enistence of axOpiasmically-tr&nsported neurotrophic factors )
'concerned-uith peripheral_field.regulation. uould be enormousiy

- ™

"strengtheded.
12



Famtarlazo i i

Part 1-B HISTORICAL‘DEVELOPHEHT OF'CONCEPT THAT "TROPHIC™ INFLUEMNCES

DEYERMINE OUTGROWTH OF NEPVES YO TARGET TISSUES

- 1.y The neurotropism hypothesis

. ¢
3

We. owe a great deal to Ramon y CaJaI for much of our contemporary

thInking about "neurotropism“, and indeed about the whole field of neuron

morphology and grouth in general * When a _nerve is sectioned leaving

‘clpse apposition of the proximal and distal stump, the regenerating'

fi:rea from the former groufinto'the‘distal cordons of proliferating .

"Schwann‘cells and degenerating nerve fibres. Furthermore when the

distal stump is. dispiaced so that both cut ends are side by side, some
}
of the regenerating nerve fibres make a 180° turn, and grow upwards

into the degenerating stump Such observations were interpreted by
T

 Cajal (1928) as evidence of the action of an attractant” substance

1eased from the distal stumo of.the nerve. since the greatest neuro-
tropic infiuence.occura at a time when most ,of the myelin has been-
re;orﬁed it seems Tikeiy that such an attractanttsubstance may be
re]eased by the proliferating Schwann cells. This suggegtion has anal-

og}es with'that contained in an earlier discussion by;éajal. Commenting

_onithe primary development of innervation of epithelfal tissues such as

t

HSkinf Cajai (1919) pointed out that the patte “pf taneous innervation .

AN

seemed appropriate. having neither vast aneurt 7 48 nor redundant
nerve fibres; he suggested that such an appropriate density of tnner-

vation may be achieved by an interaction between an attractant or stimu-

-lant substance released by target tissues which would be in some sort

13
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of eQUilibrium with a substance released by nerve fibres themselyes,

the latter being 1nh1b1tory for their own growth as well as for the

growth of other nerve fibres arriving later on 1nto the now innervated
Ferritory. The hypothesis of'"competitive“ sprouti sque;ted by

ﬁdds (1953) for expléioing-colloteral sprouttpé~a£;§iqpart1al denerva-
tion is based basically on toe same assumptions. He was observing the
re- innervation of hind 1imb musc1es after sectioning one of the spinal
segmental nerves which suppIy them ~ The termina] branches of uodamaged
nerves em1tted sprOuts which re-innervated the denervated endp?ates and
the number of‘new branches produced in a given region was in accord with
local requirements. EddS'suggested_that when the eorliest.sprouts

reached the cordons of proliferating Schwann cells, they began to "brake’

the,otimulus-producing mechanism. until at some critical level, -sprouting

‘ceased aitogether. f.e. a locq1 feed-back contro1 developed

In amphibian larvae. Hughes (1968) and Hughes and Tschum1 (1958)
observed that uhen an obstacle. i.e. a2 smal]l mica p1ate was placed <E\N/
between the spfnal cord and a hind 1imb before the 1imb had received any

{nnervation, the nerves folloued unusual pathways around the obstac1e to

P

find their way towards the Vimb. ‘Such observations strongly suggested

that the target tissues released substances which attracted and dire

the groudng nerve tips toward them.

vy -

e Hhen supernumary 11mbs were grafted on the thoracic region of

) salamanders. the fore limb nerves emitted new branches which uere

directed toward the added Timbs, (Detwiler. 1936 Detwiler and van Dycke,
1934); this is another example in uhich nerve fibres apparently were
attracted by some substance releasedffrom their target tfssues."soch

L4
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“stimuli may not be specific, since other grafts, f.e. a nasa1 placede,

-

~or eyes, also attracted nerve fibres toward them (Detwiler and van Dycke,

'blb34) " The observation that nerve sprouts re-innervate the old site of

denervated endplates seems difficult to interpret otherwise than in

4

terms of 2 chemotactic: phenomenon (see for example Cajal, 1928, volume I,

chapter XI, or Miledi, 1960); . of course the degeneréjing fibres‘may have

-provided some mechanical guidance (see below), but even so some extra

factdr(s) seem necessary.

The concept of neurotropism as origina]]y'&roposed by Cajal (1892)
¥

and presented in a more elaborate form in his nnnograph on Degeneration

_and Regeneration of the Mervous System (Cajal, 1928), assumed that remote

. : )
tissues by releasing specifical chemical substances could attract out-
growing nerve fibres from a distance. Such an assumption implied: 1,
that the  supposed gradients were steady. durable, and undisturbed by any

-3

activity of the organism, and 2. thet the nerve tips have means not only

of perceiviﬁg the minute differentials of concentration, but also of
) 1 _

. - {0 v . i .
translating‘%hem into corFespondiﬁ teering actions. Neither of these

premises nor the basic assumptie of distance attraction, has ever been
critically demonstrated in the case.of nerve fibres. (Heiss. 1971h pp 294)
The orfginal’ observations by Harrison (1907, 1910) that nerve fibres
grow only on a’ substrate led to a series of experiments (Heiss, 1934
1945) which 5uggested that nerve fibres are- directed by the geometric
charecteristics of the medium on which they grow, Such experimental ‘evi-

dence will be presented in the following paragraphs.

2. Contaét guidandefas'en alternative interpretation

- Proljferating Schwann cells from exp1apts of dorsal genglia. =

D
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placed on a iameila of‘plasma clot provoked shrinkage of the coi]oidal

_ substance, and the fibrin threads became oriented in a radial fashion
YiEissf*f934. 1941a). When two oanglia were explanted on-such lamelfa,

’a bridge of orientated fibrin threads was formed betweenrthem. and this/
seemed to. act as a substrate for the outgrowing neree fibres uhich
formed a fibre tract between both ganglia. this phenomenon was ca]led
the "two centre" efcect by Weiss (1&34 1955). who suggested that nerve'
fibres were not directed by a presumed “neurotnopic“ influence, but by

a contact guidance" phenomenon. -In-this regard, it has been shown
‘that the angle formed by the main body axis of frog embryos with the'ma$n

- axis of a hind 1 imb bud experiences striking changes during the early )’
limb bud stages and this almost certainiy produces éechanical stress in

.the “ground substance of that region The tension lines that would

‘result from these mechanicaimforces. i.e. bending and shrinkage due, to "
cell proliferation etc., could give a piausible exp]anation for the
direction taken by the outgrowing nerve fibres (Taylor. 1943) _- , -

In experiments of Weiss (1950 1968 ), spinal cord explants and

limb primordia were grafted. in the loose‘connective tissue in the dorsal
fin of amphibian-larvae; when both grafts were placed in a common
“tunnel, .axons from the'spinal cord forned a clear nerve fibre tract:
across to the grafted Iimb but uhen each gr:it was placed in a separate
tunnel only 3 few nerve fibres reached the grafted limb and did so by
circuitous rootes. Again. these observations were interpreted as
suggesting that'nerve fibres used mechanical guidance in reacbing the =

target tissues. in this instance. by following the tracts created in the.

loose connectiye tissue by the tunneling procedure. |

\
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It should be'noticed. however, that after partial denervation of
hind.liﬁb muscles of rats (see Edds; 1955) adjacent undamaged nerve
.fibros sprouted and:re-jnner;ated endplates over a rqdius of 200'9.
Although it may be that nerve tips were directed foward denervaced end-
plates by tracks laid down by proliferating Schwann cells. ‘the factor -
whidh triggered the sprouttng must be of a chemical nature. since the
ground substance organized or not, had a]ways ‘been there, wh11e sprouting
-occurred only. after partial.denervotion. It may be relevant that in
s11pe mo]ds‘(chtyostelium sp.) cAMP has been shown to induce cell aggre-
gation jn a chemotacttc monner (Bonner. 1947, Bonner et gl.} 1969,

L

Konijn ¢ta) 1967, 1968; Barkley, 1963). | -

2

‘ PerﬁapQ_the fo1loiing_remark by Hughesv(1968) is a good summary
of ché sitﬁotion in this field: "Tno princfples have bgen.propoged as
forces which direct the growing nerve fibres, the contact guidance of
Heiss (19414, 1955),; and-the neurotropism bypothesis of Cajal (1919
1928); both rest on inference from the behaviour of growing nerve
fi;res under various circumstancos. and at present on nothing_moré: No-
body uoold assert that one rotner than the other uas_recpon;g;}e for the
direction of all growing fibres under every condition.™: ’
Even so, the stimulus for nerve growth, and for collateral.nervei
sprouting. has to be chemical in" natukéf This conclusion is funddmental

to the rationale of the present 1nvestigation S
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E’Part 1-C THE PHENOMENON OF COLLATERAL SPROUTING AFTER PARTIAL DENER-
3 . ‘ T L !
VATION.

1. Collhteral sprouting in peripheral tlssues

(a) Muscle nerves: Apparently this possibility was made'explicit

for the first time by Exner (1884 1885) who found that a muscle atro-
phies after complete denErvat1on but it does not after partial denerva-
ti Regeneration of the cut nerve being excluded he suggested(that
either muscle fibres are innervated by E?ne than one neuron or that
reaelning undamaged nerve ‘axons spr0ut and take over trr denervated

luscle flbres .

The tiblal nerve supplies the gastrocnemlus muscle of rats. and

-

rtial dénervatlon of that mugcle can be achieved by section of nerves

-

4, L5 or both {Hines, 1942~§yines et al y 1945; MWehrmacher and Hines,
' 1945). These authors found’ that at the third post- operative day
e]ectrical stimulatlon of the tlbial nerve on the: operated side produced

about 25% of the tension which the same muscle developed on the unoper-
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ated s1de with similar stimulation. Between the ninth and the fiftieth
post-operative day, a grodual'functional recovery occurred and stimu-

lation of the tiblal nerve produced about 60% of the tension developed

: by the gastocnemius muscle on'the control side.” The ueg ueight of the '.

W YT T e e T e I T

uuscle had decreased to about 80' of the control value over the same

post Operative perlod. A careful dissection at the time. of the flnal

experlment shawed that regenerating nerve fibres had not grown into '

| the distal stump“of the nerve. Hypertrophy of normally innervated muscle
18
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3 fibres could not be excluded, since no eistologi;él s%udieS‘o?‘muscle
: were performed, but the time-course of the functional recovery 4
suggested to the authors that it may not bé"?h important factor. and
they postulated instead that ;he findiﬁg;,may represent a perijpheral ex-
tenﬁion of the processes of viable exon§ to ﬁeighboueing dene}vated ‘
_mescfe fibres, or to an unmaeeing of functionless neuromuscular junctions
{see below). _ .
Yan Harreveld (19459 stJZied the sartorius muscle ;f rabbits.
l_uhich is” 1nnervated by a branch of the femoral nerve uhich has compon- °
ents-from nerves LS and_LG. Electrical stimulatién of the femoral nerve
provoked a tension oé about 150gr in the'sa;£6f1u5'muscle; while stimu-
lation of LS alone produced -one of about one third of this value; such
values uere not significaﬁtly different betueen both sides in unoperated
animals. Af;er.section of L6, which eesLbrevented from regenerating -
into’ the distal stump, he found that the tension developed in the sar-
tbrius muscle by stimulation of L5 on theoperated side was sigeificantly
greater than that on the unoperated side Measurements of a sample of -
abouyt 100 muscle fibres suggested that there may be hypertrophy of some
myscle fibres. but “the changes were not encugh t0‘qccount for all the
~ functional recovery. The wet weight of mqsc‘es were not presented nop
coents'of‘ﬁekve fibre; in the motor nerves. but the above findings were '
consisfeet uitﬁ-the‘idea that collateral sprouting_hed‘occurred'in the \\:
remeining undamaged axons. |
" Similar but more complete studies were performed by Weiss and
Edds (1946) who partia}}y denervated the gastrocnemius and soleus muscles

%‘ of rats by section of nerves L4 and L6 or LS only Observations were

- L

i
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f performed on muscle weight, jsometric tension after indirect (nerve) -
? or direct {muscle) stimulation, and a thorough histoiogical study was -
made on the cross sectional area of muscle fibres.?and on the number of f'

N -

myelinated nerve fibres in the'cdrrespond1ng'motor nerves. It was con-\

firmed that partially denervated muscles showed a significant function-
| al recovery as Judged from the studies on muscle tension achfeveé by
nerve stimylation. With respect to muscle weight it was clear from the
second week on that muscies exhibited greater eeight tﬁae waé'exbected
on the basis of atrophy of denervated portions. Indeed, the inftial
~ tendency to Iose weight reverses. and the muscle regains part or all of

its previous value. The histological stedies revealed that there was

a cumblete range from degeneriting mescle fibrestxo.thqse normally
-innervated, and a significant group ufth fntérﬁedihte characteriseics}'

no‘regenerating motor nerve fibres had arrived at the dietaI nerve

trunks, and the number of ﬁye]inéted nerve fibres was less than that on
N tﬁe control side. These findings stronqu suggested the possibility
that 1ntramuSCU[ar.nerves had sprouted and taken 6vgr tee denervatedj
~muscleifibres;  this conclusion, however, rested on indiréct evidence.
_ Sini}ar studies, althouéh.not aslcomplete as those-of Hetss and
‘ Edds, 1n&1cated that co]leleral sprouttng_may ajso occur in ether
mammalian species, i.e. dogs (Frederick and Kosman.11948). monkeys,
(Black and Nulsen. 1951), and humans (Liviﬁbston. 1947) |

Direct demonstration of collateral sprouting after partia1 de-

| nervation was achieved by histological methods in two different labora-
toriés.(Edd;.-1949, 1950; Hoffman, 1950). Advantage was taken of a
goldj1npregnation-techn1que which allows the Gisualjgatioﬁ-in teased.

e
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‘prepanatibns of a relatively large number of eerminal,nerve fibres and
their associated muecle fibres. These authors'foundlthet'efter partial
denefyation undamaged‘a§ons within about 200p of denervated eedblates
had ‘sprouted, and thesexkpiouts attached themselves to cordons of pro-
.Iiferating Schwann cells -and reinnervated~the denervated endplates.’

Some of the earliest sprouts were observed at-stages in which they had
not yet reached the denervated endplates. ln1t1ally nerve sprouts were
) sjgnificantly thinner than norma1 term1ne]'fibres. but by the second
pest-operative month collateral sefouts had attained diameters within'
the range of nermal fieres. |

Edds (i§50) poieted out that in normal serratu; anterior muscle |

of rats “the ratio of terminal motor fibres to the number of endplates

fnnervated by them is l 1:1, while after partia] denervation the ratio
| becomes 4; 7*4 This finding gave a quantitative estimate of the extent
- to which collateral sprOuting had occurred ’

_ - It should be nated ‘that the amount. of collatera] sprouting was
in direct proportion to the number of endpletes to be rejnnervated.
which suggests that the phenohenod“df collateral sprouting may be under
the control gf some local factor. perhaps substances released by de- -
generating nerve f1bres proliferating Schwann cells, or from denervated
target tissues (Edds, 1953).‘.1n this- regard._Hoffmaer(IQSO). Hof fman .
and Sprihgell (1951) eﬁouee-that'ether extraéts of ox spinaI-COrd
" normal or denervated rabbit muscle and egg yolk proved to be effective
in inducing cbllateral spr0uting 1n rats. Such extracts 1njected

nintramuscularly_provoked in-the normal anterior tibial musc!e a sig-

niffcant amount of sprouting, seem particularly in the‘fegion of _\%

-
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“terminal motor fibres. \T' o . e . . ™

"The factor which provoked colIatera1 sprouting wis called s
‘neurocletin". and an attempt at the chemical 1dent1f1cat10n of it was’
performed _The crude ether extractshyere treated with acetone and ' the
acetone soluble fraction contained the biologically active substance
From the latter fraction a mixture’ of g!yceride fatty acids Was saponi-

: fied in the cold 5ubsequently'ac1d1f1ed and extracted in an aqueous
phase; Such a mjxture of fatty acids was further purffied.e1ther by low
‘itemperature fractfonation or by urea fractionation Spectroscopfc-data :

indicated that the act1ve subfractfon was stil] a mixture of fatty acids.

ln vieu of the loss of activity fo1low1ng even oxidati,n\in air, dt'

appeared that the fatty acfds were unsaturated further tests suggested'h

- that the biologica1 activity was restricted to. acids containing only one'

double bond (Hoffman and Springell, 1951). It seems that more recent’

techniques such as chromatography could elucidate the problemsof the .

chemical ident'lty of neumc'let‘in.' which the above authors solved only

‘partiaily. ,

(b) Skin nerves: CollateraI sproutingioccurs also in the cutan-

Fd -

eous nerves as the foIlowfng examples w111 1llustrate In the tafl fin

of amphibian larvae in vivo 1t was shoun~by Speide1 (1933 1935 1941)

that after section of a cutaneous. nerve branch uhich caused Hallerian

A

‘ degeneration of its distal part adjacent nerve fibres sprouted into

‘~._:"

thezdenervated area. He often ohserved that the new. sprouts joined
cordons°of dshenerated nerve fibres and proliferatzng Schwann cells, and

-folloued suth tracks over considerabie lengths. as if they were .

d

attracted and guided by some substance released from such structures.

\ ! . -
® . o s
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' However, as discussed in Part 1-B, guidance of the growing fibres by

‘_mechanical means is another way of explaining the direction of growth

of the collaterals—once they have formed. ;

' After section of the sural nerve in rabbits, Weddell et al.
(1941) found -that the analgesic area produced over the latera) aspect .
of calf and toot graduaily shrank over'a period of “about 12 weeks; 'the
origfnal anaesthetic area and its subsequent decrease was mapped with

tattoo.marks. In the centre'of the anaesthetic area,’ during the second

post;operative week, only degenerating nerve fibres were found How-

ever ‘between the second and the twelfth post- operative week the areas.

uhich shawed functional recovery also showed the Dresence of regenerat-

ing nerve fibres. which ‘were: orientated towards the denervated skin.

R Livingston (1947) found that in a patient two years after com-

!

plete section of the median nqrve. the motor function of the hand had

recovered to a remarkab]y good extent and there was no complete

@
anaesthesia even at the tips of the index’ and middle fingers “The patient

; 4

cou]d distinguish between sharp and dull stimu]i coqld recognize light

touch. and had_a ‘remarkably good ‘ability to localize stimuli. A

novocain block of the median nerveldid not alter the mator and sensory °

- status of the hand. However, 3 novocain block of the ulnar nerv£5'

rendered the thenAr muscles completely function!ess. the entire palmar

'surface of the hand anaesthetic._ Even 1n the absence of confirmatory

histological studies. these findings suggest that collateral sprouting

,_occurs also 1n humans after partial denervation

o

(c) An alternative hypothesis to col]ateral sproutfng It has been

proposed that there may be morphologically n0rmal nerve terminals uhich

- Al

J
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are non;functiona}.atut become functional after deneruation of nearb;
_nerves (Pollock, 1920; Hines et al., 1945; Nehnmecher and Hines, 1945;

Cass g__gl,. 1973) The last authors found that three days after
cutting one of the spina] _segmental nerves (16) which innervates the
hind 14mb of A. mexicanum the adjacent nerves (15, 17 and 18) had
invaded about 0. 5mm into the margin of the denervated muscle area. This
~small increase in the size of motor fields could be detected (they
claimed) because normally the latter are remarkably symmetrical. {right
and. left). Betueen one. and two weeks later, these nerves (15, 17, 18)
hld spread even further. and patches of innervated nuscle fibres were
found in the centre of the denervated area. The sectioned fibres of
_herve 16 were allowed to regenerate into the distal stump, and about
30 days after nerve section. the increase in motor fields which the
remaining nerves (15. 17, 18) .had acquired at the expense of the cut
nerve (16) began to disappear as the regenerating fibres_of 16 grew
:intplthetlimb. Eventually, the normai“symmetrical’pattern,of innervaif
tion was re-established. Cutting the 16‘ng_ve a second time in animals

" whith had recovered completely from a- previous denervation resulted as

BEJore in an area.of paralyzed muscle Fibres in_the expected part of the

linb Now, honever. the second spread of innervation uas apparently .
‘-fairly sudden and complete three days after the second denervation. The
authors suggested that .this unexpected rapid spread of innervation '
| OCCurring three days after cutting a nerve. ‘either the first or the
. second time, uould be the result of the emergence of function in pre-
existing ‘but functiontess nerve terminals

It should be noted, houever. that unconnected nerve fibres can

- . . . - I
.
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certainly persist without tesorption (Weiss and Traylor, 1944- Weiss
and Edds, 1945; Weiss et 1. 1945, Gutmann and Young, 1944), but 1¥
their nuﬁbers were so abundant as to account for all the phenomena
observed by Cass et 2l., (1973) it seems doubt ful that they would have

- gone unnoticed. It is possible that the interpretatioh of their find- j

fngs maly be correct, and that three days majfbe too short a time for

\
1

: sprouting of nerve terminals and formation of new endp]ates to occur,
_but this suggestion rests on 1nd1re€t evidence Op the other hand.
..histologjcal studies such as those by Edds (1950), Hoffman (1950}, oy
Speidel (1933, 1941i discussed above, gave a direct and unambigucus, M/',h

demonstration of the occirrence of collateral sprouting after partial ‘

| denervation.

-

Mark et al (1972) have a]so studied this problem in the sup-
| erior oblfque muscle (Sup obl gn.) of fishes uhich is normally innervated
by the superfor oblique nerve (sup.obl.n.). Hhejlcheflatcer was cut and
the inferior oblique nerve (inf.obl.n.) brought in the neighhourhbod of
the muscle, the inf obl.n. reinnervated the muscle, and by the third to
fourth post- operative week the ocutcome of this abnorma)l innervation was
that the reflex counterrotation'of the eye reversed. Hhen.\hpuever. 'A;é
the fibres of the origina“nerve uere.allcued to regenerate into the
distal stump of the nerve, the normal reflex was recovered by the second '
post-operative month This was 1nterpreted as evidence that original
fibres from the 5up obl.n. had regained control over the muscle and
Suppressed the nerve endings arising from the foreign nerve. In animals
which had regained normal reflexes ultrastructural studies showed that
all endplates looked morphologica!!y normal; houevgr.‘uhile section of

)
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the sup obl n. five to seven days previous to fixation provoked de-

e gy ;v—»q—r-w-—qm
- -
]
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generative changes 1n a significant proportion of endplates. there were
. 8150 abundant morphologically normal ones. It was inferred that the

_ latter were still innervated by. the inf.obl.n., whose endings, it was

. BN

sistent with such interpretation, but™ it seems that an electrophysioé :

suggested, were functionless: The behavioural observations are con-

logical study of these endplates using 1ntra or extracellular recording
of.muscle activity during appropriate Ferve stimulation is much needed
Otheruise Mark's experiments although\suggestive are 1nconclusive
It is conteivablelthat sprouts arising Wrom foreign nerves could per-
sist as healthy nerve fibres 1f competition by regenerating "pative"
nerves did indeed cause them to be "rejected" at the muscle fibres. .
The_latter}explanatlon‘reQUires only one phenomenon, 1.e. rejectioh in
a oompetitive situation, but (vailable for growth and formation of .
“normal endings uhen'required. The 1nterpretation of Mark and his colla- -
. borators needs both thisqto be true, and the extra hypoﬁhesls that the
' 'rejected' endings perstt in a way not detectably.olfferent from
- normal ones morphologically. but lose their fonction Obviously. more .
.‘experinents are needed fn this controvers1al area,

éollateral sprouting in sympathetic neurons

The superior cervical gangllon has been another experfmental
uodel in which collateral sprouting has been shown to occur. Section
of rani communicantes (rgt ) T1 and T2 1n one side, 1n cats, resulted
in degeneration of about 50% of the re-ganglionic fibres‘erriving at -
the'ipsilaterel Superlor cervical ganglion (Simeooe gt_gl.. 1933).-
_Houever. three to six_ueeks'after this partial denervation. stimylation

"y
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of the other r.c., T3-T4 gave contractfons of the nictitating membrane on

the operated side uhich were significantly greater than those on the
control. side. At that time (3-6 weeks) a comparison of the effects of
1ntravenous injection of noradrenaline showed that supersensitivity in
‘the paréially decentralized nictitating membrann was no Tonger detect-
able.' - However, the effects of acetylcholine on- the ganglionic neurons
-;erecnot studied. and.supersensitivify at that level was not excluded.
Nevert heless, the findings were consistent with the view that the
increased response in the nictitating membrane to stimdlation of r. .C.
T3 T4 on the operated side was due either to an increase in the number
of re-ganglionic endinqs by sprouting, and take-over of the partially
denervated ganglion cells, or to repetitive discnarges (perhaps becauée
of sunersensitivity) from the poét-ganglionic cells when they were

normally activated by the T34I4 pre-ganglionic volleys.

e It was shoun by Murray et al.. (1958) that unilateral section ,of

the ric T1-73 caused Hallerian degeneration of aboyt .90% of pre-
ganglionicQTibres to the ipsilateral superior,cervical ganglion in the
cat. FOur to 8 weeks after sich partial denervation the response of the

o

nictitating hembrane-to preganglionic stimulation of r.c, T4-T7 was

equal to that obtained by stimulation of the whole cervical trunk on the°

control side. « It should be noticed that about 1 non;h_after partial’

, |

denervation Supersensitivity to acetylcholine in the ganglion.cells was
N S .

no longer detectable and most of the experiments were performed'at that

-

time. Furthermore. stimulation of r.c.J4 to 17 provoked pupil dilation

on the partially denervated side. but not on the control side. These L

findings suggested that the. remaining pre ganglionic fibres had sprOuted

i.

e
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4n the iosilaterai side and made connections with ganqlion celis.not _
previoosly innervated by them. This work was confirmed and extended by
Guth et al., {1961) who also wt_:seqmantiy allowed the sectioned fibres
from TI:TB to regenerate into the distal stomp of their prelganoiionic
trunks; 6 months after the original operation pupillary dilation was
ev’ok\ed- by stimulation of the regenerated fibres from T1-T3, odlt no

-lionger byhstimulation of TA, Apparent]y; after fibres'from T1-73 had

regenerated and made appropriate connections with the pupil]ary ganglion

’

cells, non- pupiiiary connections i.e. the "foreign" collaterals from

/

T4-T7, became functionally'inactive Some of these'coilaterals seem to

persist houever. because simuitaneous stimulation of Td T7} unlike T4

a}one produced a significant pupillary dilatation on the ‘operated side,
but not on the control one. Mo uorphoioqical studies were performed, ‘
- and it is- unsettled uhether ornot the synapses which become non- -
functionai elso suffered degenerative changes.
| Myrray and Thompson {(1957) aiso showed by light microscopial
_studies that ¢otlateral sprouts had arisen fron remaining intact pre-

ganglionic axons and come into ciose apposition with the majority of .
gangiion-ceils denervated by the previous section of T1-T3. These findings
uere conf irmed by Hiliians et al., (1973) who in addition perforned ultra-
structurai studfes. They found that after section of €8-T3 about 96%
of pre-ganguonic fibres mden-ent Wallerfan degeneration, and the large
S) axons of the pathway for pupiiiary diiatioo‘(aishop ggﬂgj,. 1932;
Eccles, 1935) were completely eli-imted Within 3 days after nerve
sectiou. nunerous sma)l groups of sheath cell 'fingers oriented parallel
to surviving axons were found in the pre-ganglionic trunk. These sheath =

. /' \\
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el assemhlies were subzequnntﬁy invaded by neuritee. presumably
Culiatnruis “reﬂ‘surviving'pre-ganq]ionic fibres. which ihen ramified -
i paralleld with the parent fibres. Groups of nnuriiethI cely
//"'GQOFY” d@COﬂanied by tiny neurites wereiohserveo very occasiunaiiy
In normal tissue. It is possible that sprouting may be a slow and con-
" tinuous process in nornai animals. and that this phenomenon is qreatly
'6cce]eratcd after purtial denervatiOn |
It might be relevant that nerve arowth ‘actor (NGF) which is
obtained from mouse sarcona. sa]ivary gland of male rat, and from snake
venom, provokes a renarkab]e sprouting of sympathetic neyrons in vitro
ang in vivo, as well as cells from dorsa] spinal ganglia NGF 1s also
present in small quantities 1n-b1pod of many species, includinq'humens
{?nr a'reyien see Levi-Hontaicim,and Angeletti, 1968). A further dis-
cussion on the effects of NGF-1s beyond the scope of -this review how- _
ever, and uill not be deait with further except to mention that the in-
| nervation of iris transplants placed in the rostral mesencephalon of rats,
by CUt fibres from the dorsal and ventral catecholaminergic bundles, and
from dopaninergic fibres from the medial forebrain bundie, was great]y
increased by intraventricu]ar inJections of NGF (20 to 2000 biological
units) in a dose-dependent manner (Bjerre et al., 1973, Bjorklund g_ al.,
1971a b). These findings suggest the possibility that natura]ly
occurring NGF ma __x be invoived in the collateral sprouting of adrenergic
neurons central and. apxdyberal but direct.evidence of such an involve-
ment is iacking Furthermoqw: the almost complete elimination of sympa-
“thetic neurons in the adu]t‘aﬁ#mal seen after the administration of anti~'

k

serum against NGF to neuborn nice gives dramatic evidence suggesting the

r .
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1mportance of NGF during early. development {Levi- Hontalcini. and Cohen.
- 1960; Zaim1s al.. 1972).

3 " Collateral sprouting in the Central Nervous System

1 T e ST

As with peripheral nerves, ‘there jis evidence that undama?ed -

: axons in the CNS 1n appropriate condftions can sprout. The evidence of
f this s mainly morpholegical, and functional studies have heenlless

: numerous, perhaps because the complex cfrcuitry of the CNS imposes

: several technical Iimitations Horphological studies will be presented
| first followed by functional ones.-

(a) Horphological studies on collateral sprouting in the CNS:

-

(1) The spinal cord of cats was partially denervated by cutting
up to . 10 dorsal roots above and below L7 on one side (Liu and Chambers,
" 1958). . When the products of nerve degeneration had disappeared com-
pletely (up 10 9 months) the remaining intact dorsal root on that side,
L?, with ‘the corresponding one on the untouched side, -were cut. ‘The
central fields of the L7 roots were "mapped” using Nauta's silver impreg-
nation for degenerating fibres. The dege erating fibres from L7 on the
rbartial]y denervated side extended for a significant number of Spinal

segnents more than-on the control side. i.e: had 1ncreased their centra]

flelds. The Nauta method. however, does not show whether -or not such
nerve sprOuts form synapses. Nevertheless this study of Lid and Chamber
1s a classical one, and in 1ts day little recognized- it represents the
first clear-cut 1nvestigation of collateral sprouting of undamaoed axons
in the CNS after partial denervation That cut axons emit'tollatera! _
branches in the CNS was shown earlier by Cajal (1928) but that is anala-

gous to nerve regeneration after nerve section. as opposed to co]lateral
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i sprouting of undamaged axons after partial denervation

(1) Raisman and his collaborators (Raisman. 1969; Raisman g;_'

al., 1973) studied the inputs to the septal nuclet of the rat. The

¥ fimbria, one of the main afferent inputs was !Lt unilaterally, and this
: led to degeneration of the synaptic knobs on the dendritic spines of
{;neurons of the medial_septa] nucleus. From the second post‘operative
;-ueek 6nuardo. dendritic spines regiined an 1nnervation but the pabtern‘

~of this.showed a remarkable change \in hat the number of synapses

showing "miltiple. synaptic contacts" in the plane of section had 1n-
creased significant]y. These findings 1ndicated tha; neighbouring
undamaqed axons had sprouted and téken over the denervated dendr1f1c
soines. Changes in the septal area after unilateral section of the
fimbria have also been studfed in the nucleus lateralis and in the
medial and posterior nuclei of . that area, by the histochemico] method
specffic for catecho]amine containing fibres by Moore et al., (1971); .
they found that between 8 to 15 days after partial denervation an in-
crease in the number of adrenergic nerve: terminals had occurred 1n those

- nuclel. “Section of the medial forebrain bundle-produces.a substantial

loss 1n'the'adrenerg$c 1nnervat10n of the septaI‘ndc]ei on both sides.

These findings,. therefore indicate that adrenergic fibres which
normally innervate £§£ septa1 nuclei will 1ncrease their field by
ollaterai sprouting when a non=adrenergic 1nput (the fimbrt*) to the
septal nuc!ei is complete]y eliminated.
(111) In normal rats most of the afferents to the outer molec-

vlar . - ) O _ )

-\
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: layer of the hippocampus arise from the ipsiiateral entorhinal cortex.
- Other important inputs, localized near to the body of the granule cells,
are some cholinergic septo- hippocampal fibres, and fibres[iron_tbe .

3 contralateral hippocampus which cross in the ventrai hippocampal com-

.

r missure. Unilateral ext?rpation of the motorhinal cortex in 11- -day old

rats resulted in a considerable- extension of the fieids of the - ®

S E—

remaining inputs as revealed by a histochemg;ai method for cholinester-

: 8se, or by the Fink-Heimer method; respectively (Lynch et al., 1972
‘*1232}’CQ£322.§;/61 1973) In the second case. the ventral hippocampal | !
L commissure was sectioned 80 ‘days after the originai operation. Taken |
together. these findings would . indicate that the precise pattern of

innervation observed on the dendrites of granule celis does not depend

on a kind of "matching” of chemical specificities but rather on the

\ .
interaction between a set of 1nputs sharing a given field of innervation

_probabiy the timing of arrivai of primary growing inputs may be impor-
tant in detennining the size of the particular innervation fields. The
basis, houever. of the experimentaliy observed phenomenon is the >
triggering of sprouting consequent to degeneration of nearby fibres
It 1s not knoun whether or not such sprouts form functional synapses.
fbut the hippocampys seems to be particuiariy suitable for studying this
problem (see for fnstance Eccles, 1964). A
. (19) In the caudal thalamus-pretectal region there {s a con-
siderable'overiap between (occipitai) cortico-tectei and retinei fibrés
Sixteen months after unilateral extirpation of the occipitai cortex in .
adult rats, both eyes were removed (Goodman and Horel, 1966) and the

fields of retinal fibres were morphologically mapped using one of the )

; ' : : A v
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' Nauta methods for degenerating fibres. It was found that retinal

3 fibres had sprouted the phenomenon however was sharp]y locplized

f lateraﬂ nucleus of the optic tract. It is possible that other‘

i afferent inputs may have sprodted.in preference td retinal ‘fibres in )

" other regtons -of the pre- tectal zonetio which théseinputs converge, or

"1t may be that cortico- tecta] and retinal fibres’ 1nnervate different
cells in the same nucleus. thus making more difficult the occurrence of

; co!]atergl sprouti{ng. It should be noted that'important variables in

" the Nauta methods are the post-operetive period before fixdtion and
also the extent of 5uppression caused by slight mod1f1cptidhs in the
technique; such factdrs were not given attentfon in the above studies.
:StudieS'by Cunningram (1972) 1nd1cated that col1atera1 sproubfng of
_retinal axons is greate( in ngo-nate rats,

(v) Extirpation of one eye at birth_followed by efther extirpa- |
tion of the remaining eye or the.Visue1 cortex 4 months later, in rats
(Lond and Lund, 1971) resutted in an extension of the remaining un-
crossed retino-tectal pathuay across the entire colliculus instead of
being confined to the small antero-medial region, and the cortico-
tectal pathuay extended to the surface of the co%liculus 1nstead of
occupying only the deeper half of the stratum griseum superficfale; the

rFink-Heimer method was used to visualize those changes. Ultrastructural
studfés shouedfthat synapses in that region had the same proportion of
small sznaptic knobs with round ves\c1es relative to knrobs - with flat
vesicles. It seems, therefore. that such sprouts fonmed -Synapses, but

behavioural or eIectrophysiologfcdﬁ studies were not performed
¢

? to two loci 1 the ventral Tateral geniCUlate nucleus, and 2 the =~
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Retrograde degeneration of tectal cells provoked by- ablation of

'; the viSual cortex {Ralston and Chow, 1973) resulted in a significant

2 decrease in axo-dendritic synapses together with _an increase in dﬁb-

axonic ones. In this case there was.a reorganization of the synaptic

cohnections; collateral Sprouting may have occurred but could not be

assessed with certainty.

(vi) There are, houever instances in which collatéral sprouting
did not seem to occur after partial denervation. [In cats the overlap
in the distribution between cervical primary afferents and trigeminal

ganglion fibres at the level of spinal segment Cl was suggested as

presenting several favoyrable features with regard to the evaluation of

.potential sprOuting by Kerr (1972) On the basis of L{iu and Chambers

exgeriments (see above) it would be expected that partial denervatian
of spinal segment €l by unilateral sectfon of trigeminal roots might
result in an extension of the central fields of dorsal spinal roots Cl-
C3. However, norghological studies using the Nauta- and Fink-Heimer -

methods revealed no increase in such fields It is possible that

'sprouting did take place in the region considered but that such sprouts.

if any, arose from interneurons in the nucleus Alternatively. the

actual overlap betueen trigeminal and C1-C3 dorsal spinal ganglia inputSr

may not be extensive on the same. neurons, so that circumstanbes favour-

able for collateral” "sprouting did not actually exist.
(vii) Uni)ateral destruction of the anterior ventral cochlear

nucleus results in selective de-afferepta}ion of ipsilateral lateral

‘dendrites and contralateral medial dendrites of the medial superior

olive (Liu and Liu, 1971). Golgf and Nauta's studies showed that by the
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- studies usipg the Nauta and Fink Heimer techniques.. The author inter1
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:sixth post-operative week such dendrites had atrophied and no evidence

z'of collateral sprouting was found.

-}

(viii) Unilatera) extirpation'of one eye in kittens (7-20 days

old) results.in the extension of un- crossed retinal fibres deriving from

f theremaining eye into layer A of the dorsal -lateral geniculate nucleus.

though ngt in adult’ cats (Guillery, 1972) as Judgéd -from morphological |

preted these findings as evidence of continued axona> growth in kittens.

but not as actual'sprouting However. it ‘can be argued that retinal -

~ axons can sprout fn kittens, but not in adult cats. e i

(b) Functional studies on collateral spr0uting in the CNS :

(1) In cats and monkeys. from 3 weeks to 5 months after hemi-

: section of the spinal cord the electrical potential (Nla) attributed

to spinal afferents. as recorded extracel]u!arly at the entrance of

~ dorsal’ spinal root L7 into the spinal cord, was significantly ]arger than

ent1re contralateral body surface is represented in‘an exact somato- ' Q-

that evoked in the control side (McCouch et al., 1958) These findings-
together with morphological evidence of collateral sprouting obtained
in similar fashion to the Liu and Chambers’ experiments, suggested that
such sprouts conduct 1mpulses but detailed studies on the connections
-ade by them would.probably require intraceilular recording from moto-

neurons and’ interneurons. synaptic function presumably did develop,

"however, since the ahtmals showed 1ncreased knee: reflexes and spast1c1ty

after spinal hemisection.

. .

(11) In the ventral posterior nucleus of thalamus 1n rats the

LI

- typic map. After destruction of the nucleus gracilis, {.e. the hind oo~

i
. . -
. ST )
. . ’ -l e,
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n"limb system, wvll and Eggers (1971) found _that 3 to 17 weeks post-

_ operatively there was an almost complete disappearance of responses 1n

}
the leg-foot-toe- proJection in the thalamus, sites, where stimulation

of such skin areas normaily evoked activity in: the thalamus. but éﬂhge ,

WS an expansion of the arm area into the same regions Furthermore.

the thalamo cortica) projection of the arm area had also expanded into-

V.the leg area. The most likelx ‘explanation of such: phenomenon s that

sprouts have grown . from terminal arborizations of intact axOns from '

cuneate nucleus {the arm system). and have established succeserl contacts

with deafferented neurons Horphological studies were reportea to be in
b 0

_ progress in that laboratory

(iii) In cats. the giant neurons fn the red nucleus- receive pro-

' Jections mainly from 1. nucleus interpositus (IP) in the cerebellum.

!
particularly on the somatic mepbrane and 2. sensory motor cortex of.

cerebrum specially on the distal dendritic membrane 'Normally. stimula-

tion of cortico-rubral fibres evokes a small EPSP which has* a slow-time-

-course due to signal attenuation by the particular cable,d?operties of

dendrites. Two- ueeks after electrolytic ngtruction of the left IP

nucleus (Tsukahara et al., 1974) stimulation of cortico-rubral fibres .7

Levoked EPSP, Nhich were larger and had, in addition. an earlier component

f
with a significantlx shorter time to peak amplitude These findinéi are

co-patible uith the assumption that dendritic cortico rubra) terminals

sprout to fonm synaptic contacts with’ the denervated somatic membrane.

: Obviously these electrophysiological studies need a morphological corre-

lation. and such studies are probably under way in ‘that laboratory

! .

. i
)
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Part -0 GENERAL STRATEGY_ADOPTED FOR THIS STUDY

_The mechanism(s) which control the embryological development of

_ nerve fieids myy persist into ‘adulthood, particu]arly in animais 1ike
“salamanders uhich show a high degree af plasticity in the nervous system. -
It is Conceivable then that they may operate during conditions when nerve
fields are expermentaliy interfered with. and when. as a conseQUence of

this, patterns of innervation reform, even in the adu]t Suppose that a
given pattern of innervation is the resultant of an. interaction between ' \
1. a stimulus (presumably chemicai) originating at the tanget tissues, and |
2 a substance reieased by nerve fibres themselves uhich would be inhibi—

tOry for any further nerve growth (This essentially was Cajal's idea . ) L r:?
_of 1919.) The latter substanqp would be presumab]y synthesized in thea- “

_neuronal soma, transported along the axons to the nerve terminais and

ey

there be released In aduiﬁ animals the system would e in a steady state,-
and the total number of nerve branches in the periphery would be- constant
The stimulant. and the "neutralizing” substance from the nerve, would_"

be in sohe sort of equilibrium. ‘ o .
It uou]d then be expected that partial denervation. or a signifi-
cant blotkade of axopiasmic transport by other means uould df'sturb this -
equilibrium in the periphery, and the local stimu]us to nerve Sprouting
would be in the ascendency and provoke co]lateral nerve sproutihg and 3
change in the pattern of innervation of a given structure In order to

L3 1 .

‘test this possibility. the effects -of partial. denervation on the pattern |

of innervation of salamander hind 1imb were compared with those provoked i

‘vl
. . - e ’ - . .

} . . . )
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by pharmacologicai blockade of axoplasmic transpor.) If the hypothesis

were correct then the effects of such blockade .< achieved without

causing degeneration of the nerves ashould re b]e those of partial .

'_denervation. in that both would lead to periphe al spr0uting of
neighbouring intact nerve fibres Such a result would not prove the

] . . Y
hypothesis. but would be consistent with it and wo:}d be inconsistent

N \\\\\\5
with the hypothesis of 'denervation sprOuting“ dependent for example on 3
'chemicai products of nerve degeneration or functiohai loss due. to
absence of nerve impulses. A positive result would also bring the
v phenomenon of nerve sprouting after parfia] denervation into 1ine with .
piausible explanatfons of peripheral nerve sproutinn €2 novo, during the - o

,embryologicai establishment of peripheral nerve ﬂieids.

v
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“partll . (¢ BEHAVIOURAL OBSERVATIONS

\K" - (" o
- o
« The most 1mportant experiments in the present research involve

a comparison of the effects on the sizes of the peripheral fields of the

. three hind 1imb nerves (15. 16 and 17) of section of nerve 16. with

tﬁose‘of treating nerve 16 with colcnicine In the present section the

appropriate operatfve procedures are described; and also the behavioural

obServations made on animals which had received either nerve section or

' colchicine treatment; these:animals were subsequently used for the

napping experiments described 1n Parts IlI and IV. The behavioural

observations were performed with the aim of assessing the extent of nerve

damage. uhen present and to fo]low the time-course of functiona1

recovery. - .

9.

i}?
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. Part II-A METHODS .
Y ‘_ ' |
1. Animal husbandry .

Adult male or female salamanders (Ambystomatjgrtnun) of lengths

(head to tafl) 10 to 20 cm were used throughout The salamanders were

obtained from suppliers in Horth Carolina or Hisconsin. usually in lots:
T ——

of 50 to.200 animals. It was possible to buy salamanders during the

er only, and therefore, a stock of sala- |
//

e summer was maintained in the basement of F

period between April to Sept

manders obtained during
farm in Brantford. Groups of approximately 50 salamanders were hou'edﬁ\

)

in plasttc tanks'of 38 20 x 12 inches. The bottom of the tank had 2’

1ayer of moss about 314 thes deep. In order to simulate the normal
enviromment of salamanda‘g pieces of wood and bark (4 x 5 1nches) were
placed on top of the moss. Salamanders were apparently satisfied in
these conditions. and eiTher sheltered under the pieces of bark or
: baried themselves in the moss.

i A 9r0up of about 20 salamanders for 'daily use was kept in a
suall room adjacent to the laboratory. ‘Each salamander was kept in an-
tndividual plastic cage of 12 x 65 X 5 inches, the bottom of which was
covered with a layer of moss about 2 inches deep;. each cage was 1abe11ed
with the code name for the animal. Inftially, these an1mals werelkept at
- room teﬁﬁgﬁhture; later on, it was found that the animals’ health was:

better 1f kept,at 16°C and about 90% humidity

2. Feeding of salamanders ) o o C\;
Salamanders_do not readily‘}eed in captivjty.'and $0 each animal
) w0 5

L
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was individually fed. A piece of liver or meal-worm was held in 2 for-
ceps and waggled in front of the head of the animal; healthy salamanders
nill strike at such a target and eat voraCiously 2 or 3 pleces, (more

than that amount was not provided because,they tended to become obese).

3 Ifhthismaneouverfailed the salamander was force-fed in the following

L way: ‘the salamander was held in the Teft hand and the right hand used to

_open gently the animal S mouth using 3 smooth metal spatula resembling

the tongue depressor used by physicians. A second person’ then pushed a
piece of food into the salamander s mouth; "after (emoving the “tongue
depressor the,salamander always swallowed the food.

3. Common diseases suffered hy the'salamanders and treatment_provided:*‘

Diseases of probably funga! etiology seem to-be the most common

\

ailment of salamanders As reported by Stirling (1970a) two varieties

were frequently enc0untered

" (a) A "sore" type of disea;e which often appeared on: the Submaxillary
and.supra sternal regions The sore had a necrotic centre and the -
animal's health deteriorated very rapidly Tt was treated with some
5uccess with topical applications of tetracycline powder daily"'This is

very contagious disease. and- sick animals were isolated as’ sadn as
detected -the mortality rate was very high when this infection appeared..._r

in a colony.

{b) The “black spots”; “this iniection is also- umably of fungal

~etiology. The spots appeared particularly on the abdomen and the 1imbs.

This diSease caused a somewhat louer mortality than the “"sore” type of
diSease; "Nystatin® ointment proved to be an effective treatmentfor this

disease As uith the first conditﬂﬁh. sick salamanders were {solated.

‘
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and type [ could not identify. These

: aites were found in the mes ntery. muscles, and subcutane0us tiSSues

Eventually they migrated . through the~skin’/in a particularly offensive

- manner. -1 could find no reference on how to treat this parasitosis.

Topical treatment with chemicals like potassium permanganate or anttbiotic
nixtures (Aurex rotenone drops, MTC Pharm Ltd ) like those used in '
similar infections in dogs were ineffective The most.economical'proced- ’
ure was to discard these salamanders.‘ | | '

(d) Hound-infections Although the strict aseptic operative condi- "

tions appropriate for mammalian experiments were not necessary, wound

infections were minimized by the following procedures the surgical ;
fnstruments were sterilized in Hibitand, Averst (1gr chlorhexidine acetate

in 100 m) 701 ethyl alcohol) for 5 minutes, and after the operation,

salamanders were kept for 3 or 4 days in individual ptastic cages contain-

ing a pair of'damp paper touels which were changed daily. After that’
\

period they uere transferred to individual plastic cages with & layer of

‘m0ss in the bottom. When these precautions were taken, wound infection

was seen in only aboyt 5% of operated animals,

“Two ialamanders‘that develOped a severe eoqnd infection had-t
previously received_antibiotic treatment (Tribiolean MTC Pharm. Ltd.)
topically. They‘uere anesthetized. “swab" sample was taken from the’
infected .wound, ‘and a ‘blood sample from the heart. The samples were sent
for bacteriological studiesg Pseudomonas aeruginogk andIEscherichia.coli

were isolated from one salamander, and E. colf from the other. Ps. aeru-

'ginosa was very 1ikely a "super-infection" following the initfal intro-

-y

T
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duction of antibiotics: E. coiifias probably due to fecal contamination

of the wound and proved to be sensitive to a sulphonamide (Gantrisin).

4. Operative procedures

(a) Procedure to anesthetize salamanders

The operations‘were performed under anesthesia (0. 1% M5-222,
'Sandoz); most of the animais recovered from anesthesia in approximateiy J
60 to 75 minutes. A soiution of 0.1% MS-222 was made in tap water; 1.
| litre for a QJOUD of § to 10 sa]amanders. "It proved advisable to have Ah'
p'aeration deyice inAthe beaker“containing the anesthetic and for this 2
common fish-bow! bubbler was used. Five to 10 sa]amanders were placed in
. the anesthetic solution contained in a 2 litre beaker: uSuaiiy it took
30 or 40 minutes for the salamanders to become completely anesthetizedt
It uas considered that this stage was reached when the animals. did not
show any spontaneous motor ackivity, and when reflex responses (ualking
‘.or writhing) to mechanical stimslation such as tail squeezing was
-'abolished._ '
Exposure to‘H§-222'for‘approximately 1 hour seenied completely harm-
less to salamanders. Houever when this period was exceeded by about 20

minutes, one or two animals out o\)zo usually died. If the animals began

to show signs of recovery from anesthesia before the 5urgicai procedures

‘uere finished_a cotton pad soaked in 0.5% MS-222 was applied over the N:f

head and thorax regfons of the saiamander. and proved adequate to re-
induce 3 suftable depth of anesthesia. A {“'

. After surgery. was" finished salamanders were transferred ‘to a jar
containing aerated tap water. After to al” recovery, they uere trans-

-'ferred each one to {ts individuai cage. and given a code name which was _
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| written on the cage. A special form was filled out for each sa]amanﬁer

. (see next pa@e). The whole procedure (a esthesia. operation and recovery)

(b) Unilateral section of nerve 16 |
The position of ﬁhe rigni;jliUmewqgngetermined by palpation, and

a gedio-lateral incision was made justlin fron:\Bﬁqit; using watch-maker
fqrceps a trough'was made in the muscles until nerve 16 was exposed, then
it was carefully'freed.bf Surrounding conneetive tissue with a ffne_niass-

rod. The nerve was cut at a distahce of about 8mm from the midline,

~leaving a distal length of ayput 7 to 10mm before the plexus formation

with nerves 15 and 17 began (see Text-fig 2-1 and 2 2) The central

stump of the nerve was tied off and disp]aced into the overlying muscle

The uound was closed uith 2 or 3 sutures of, 6 0 silk.

() Topical application of co]chicine to nerve 16 g//-\\\
A fenlnn length of nerve 16 was carefully exposed as in (h) above,

; and as near to the midline as possib]e The trough made by the exposure

_ route thrOugh the overlying muscle to the nerve trunk was filled with a

: solution of colchicine (BOH Ltd.) in amphibian Ringer solution (composi-

tfon: NaCl 111 oM, KCI 1.9 mH, CaCIz 2H20 1.1 mM, Mg 50,. .7H,0 1. 6 mM,
MHCQ3 2.4 nﬁ) A range of - colchicine ‘concentrations from 0.025 M to

0. 1 H\uas normally used in this uork In control experiments amphibfan

-Ringer only was used. After 30 minutes the trough.was washed out with

at least 2 ml Ringer solutfon, and the uound sewn up. (see Text fig.

2-2). o "

' 5. Determination of suitable colchicine doses for the present research

These experiments were performed to assess whether or not exposure
. A . : . .

~
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Vertebral column

Abdqmen

. Hind limb

FIGURE 2-1

-

. L4
- - . »

\ | Diagram of the hind Hmb plexus in salamnders This represents

the anatomical relationships of spinal segmental nerves which form the , .
Mnd 1imb plexus fn salamanders. The 1}ium and overlying musc'les had - _ v
been removed. The nerves are ident‘lfied by their respective numbers .'

(15,16 and 17); (15a) 1ndi\c'ites a branch of nerve 15 which innervates _

only skin and muscles of the bady_u;ll. Otﬁer an&toqical Tandmarks are |

fdentified by their respective names.




FIGURE 2-2 R A

. ' . .
Sa]amander in uhich right nerve 16 has been dissected. A‘trOugh“

was made Just in front of the right {1ium, and the right nerve 16 lies

on the bottom of it; the nerve appears as a uhite and cylindrical

objeg t—going from the the midline towards the hind 1imb, 2 plece of

black plastic material was placed underneath the nerve far photograph1c

pucposes. Usually ansmaller‘segment of the nerve was exposéd. the d;ssec-

™

tion was targer in this salamander. in order to get a suitabIe iliusira-

t1on of this anatomical region. Each of the ruler divisions is l .
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" of the nerve 16 to colchicine solutions of various concentrations. for

selected periods of time resulted in any immediate impi??ﬁentaof ity -

ability to conduct nerve impulses. This was aséessed by observing the

‘compound action potential,of the whole nerve.caused by supramaximal

electrical stimulation jg_vitro: ;

Salamanders were anesthetized in 0.1%:MS-222 and both nerves 16 -

- were dissected from a .point as nehr to the vertebral column down ta the

level of the knee, removed and mounted on a‘chémbgr (see Text fig. 2-3.

and 2-4) which .included two pairs of platinum wire elettrodes; -6ne pair

ua§ used for electrical sfimulation of the proximéi.end of the nerve

trunk and the other for recording the compound action potentfal at the

' distal end. Between the tuo combartmentslcontaining the electrode pairs

L

uas a sealed chamber (see Text fig 2 4) uhich could be fi]]ed uith an
appropriate solution using a fine polyetherne tubing and a syringe. The
whole set up was covered uith a glass slide smeared with vaseline to
prevent drythg of the nerve. Usually the experiments Tasted 2 or 3 hours.
‘A control r;Cord uasﬁtpkeh at fhe beginning of the experiment, 3

then the nerve was eprsed to the solution, ft.e. amphibian Ringer or

colﬁhie&ﬁé (0.025M to 0.2M) for 30 minutes, and records were takéﬁ?eyery- '
10 minutes. After that!tihe. the central chamber was washed out with 1

or 2 ml anphibian Ringer. and another recording yas taken 10 minutes
latgr. The right nerve: 16 Qas exposed to colchicine solution and the left
cne to amphibian Ringer only. Each pair of nerves was studied simultan—
eously h§1ng 1denfical chaﬁbers. one for ehch nerve. Th; electronic set
up Was the same as that &escrtbed in Part [11-8. Usually the gain was

#t!t 0.5 l.tV/cinAon the cathode ray oscilloscope {CRO) screen, and the.

-
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C e _FIGURE_2-3
_ . ; B | 4

- Chamber ‘uséd fdr electrical stimylation and rfecording of compeunt

act1on potent1a15 from nerve trunks For clarity the él%ss slidé cover-

ing the chanbers as hell as the Teads for applying the- electrical stimyi.

-and for %ecording.ihe‘cbmpound'action potential were-removed. and only

the pins connected to platlnun wire electrodes are seen protruding from
.

one of the wa]ls of each cham be;d The middle conpartment and the tubings

v

are filled with a coloured solytion (0.01% methylene b]ue) A diagran of

. the thamber is Shdwn'jn Figure-274. The whole set-up 15 placed on top of

a_paper which has squafes.of 0.5 x 0.5 ci.

LU
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FIGURE 2-4 © T
This is the toplvigu of the dﬁper of the two identical chaﬁbefs, 
shown in Figure 2-3. ‘A' indicates the middle compartment, and the
numbers 1 to 6 the piné.cénnected to piatinum ?ire electrodes. bépendf
tng on the length of thé nerv@ trunk either '1' or '3%, or '2' and '3’ .
| were used for recording ?rom the distal end of the nervé‘irunk; while s
‘4' and '5' were usea for applying the élecirical stimulus, '6' was used ‘/,,

’

for grounding the prebaration. The bar below the'drawing represents 10 .

—
-
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sweep speed was 0.5 msec/cm. A typical record is shown in Text fig, 2-5.
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FIGURE 2-5 e —
| ' | |
el A t}picql recdrdiﬁg of a'compound'aétion potential from a normal

':ﬁerve. The ejectrical stimulus (é.}-yolts. 50 psé&. 1 Hz} applied at the
time 1nd{cafed by;the arfou gave a maximal response. 1 indicates
- _latency (0.55 msec); 2. tige:tﬁ peak amplitude (0.85 msec), and 3, peak
| 'amplitude o;_cbm;ound action potential (2.7 mV); conduction veiocity for

the fastest fibres was 19.9 m/sec. Calibration marks indicate 05 mV

, (Qeriicaﬁ). and 0.5 msec (horizontél). :
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1. Normal motor behaviour

ﬁf:t 11-8 ‘BESULTS’

~

‘In this group of sa]amanders. as well ds'in the eﬁperimedta1
groups, f.e. colchicine-treated animals or thdsezwdth sectioned nerves,
tuo,types of behaviour were investigated. One was the respodse of the
animal to tactile stimdli. in particular the withdrawal of the limb when
it was lightly stroked uith'a'bristﬁe. More 1mportent. and studied in ‘
nore detail._uas the pattern of miifments during walking, since the
operative p}ocedqres caused variabile degrees of limping which gave an

indication ofﬁthe degree of nerve damage and subsequently the degree of

_ recovery after damage. Usually the animals were tested every 2 or 3 days.

v - (a) The reflex uithdrawal re4p0nse

ln unoperated salananders. stimulation of the 1imb-skin with a
bristle res_ulted in a mig@nithdraual of that 1imb, and it was: not un-
éuqnon for the animal to start to move audy from the stimulys if it was .-
applied 2 second time. | S

(b) Korsal ualkiqg

".

This section will provide a- ‘brief "description of the salamander s

-

normal walking; 8 aore ‘detailed analysis “in the fashion of the myochrono- .

grams such as those used by Weiss (1941b) for the analysis ‘of the homolo-

f;QOus response uasgaot attempted in the present studies The aim of these

observatiogs was to provide a basis for the assessment of any 1mpa1rment
> )
- of ualking in the experimental groups of salamanders

‘The order in which salamanders moved their legs was: left hind,
| 8§ - - |

s
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: ‘
right fore, right hind, left: fore 1imb, .dnd so on (see Text fig. 2- 6)

In other words, the pattern was hind-fore on alternative sides success-

fvely. As the speed of walking fncreased the 1nterval between stepping

by diagonal 1imbs decregsed. fn that case, the body was supported at any B »
fnstant by only two 1imbs . Any functional loss, therefore, would becage / |
more obvious 1f the salamander would try to move quickly. ‘It .also
became obviocus that Such losses were much more apparent when the animal
became fatigued as after a period (about 5 minutes) of exercise.

' Fqégthe present purposes, the following points are important in
the movement of hind limb: 1. When the animal swinqs‘forﬁard the'leg.
in the pﬁase of protraction; there is a considerssfé‘;:ﬁuc{is? of the limb,.
and fn unoperated salamanders the foot ends up with the toes almost

touching the abdomeq. 2. Honma]ly the foot is p1aced squarely on the. -

' ground at the start of retraction (see Text fig 2-6).

2. BehaviOur after unilateral nerve section : ' _ N

(a) The reflex withdrawal response

: Aftéf section of right nerﬁé 16 there was sometimes a small regioh
-comprising the anterior border of the foot and the first two toes frour:; e
wvhich no withdrawal response could beprovoked This area, presumab1y '

" anesthetic, would result from removing nerve 16 in saiamanders which had SN
'flifly small touch-reteptive fields of;nerves 15 and 17 (sge Part 111-8-3);
in these ;n1mals nerve 16 innefvated exc!dsively the ares now anesthetic.. . -
The latter. as tested in this way, eventual]y disappeared over a pﬁriod of
2 or 3 weeks. The most reasonable interpretation of this phenomenon |
-would be that collateraZf%prouting of ngighb0uring;spinal nerves {15 and’ " T
H

17) hag occurred, and these nerves had taken over the denervated area.
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'FIGURE 2:6° S N

Pattern of walking movements in a healthy unoperated salamander

o

These drau1ngs illustrate the sequence of limb movements in the follow-

ing order: right forelimb and Teft hind 1imb (a). and Ieft forelimb and
right hind l14mb (b), and so on. " Note that the knee s slightly flexeq\,

that the foot rests squarely on the ground at the beginning of hind limb-

retraction (a), that the feet almost touch the abdominal wall at the end

. of retract!on. right foot on (b), and left one on (c).

e
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As wfll be mentiqqed (sae,Parts 111 aﬁa IV) in the grouﬁ'of unoperated
salamanders the majority or animals had farge motor and sensory fields
of innervation of spinai nerVg‘{f. That may éxp%ain why an anesthetic
area after section of nerve 16 was only observed' unambiguously 1n rela-
;tively few anlmals Heverthe1ess. there are certaun 1imitations of this
~test which deserve consideration. For instance, in smaller salamanders
the determination of thé minute anesthetic-area in, the Timb was difficult
and the raSults somewhat uncertain, Also, in salamanders which may be
called h}reractive. this exploratiah)was almost inpossible to perform
adeQuater *lnathat respect, salamariders apparently change 1n their

overall reflex responsiveneSs from one day to the next.

(b) Walking after uniIateraI nerve section

’—j. ' Different degrees of limping were observed after section of
right nerve 16 “Animals were repeatedly stimulated to move by squeez1ng
of the tail untﬂ fatigue was appamnt %en 1imping became more obvious
Limping was classified in the following four categories: "Minimal” or .
(1) degree of Iimping was an abnormalfty which bccame apparent on1y after
the animal-had ualked for a few m1nutes. *Slight” or {2). limping was
apparent as soon as the animal moved but the anﬁmal s progress was only
slightly affected;. 'Hoderate‘nnr fb) limping uas characterized by clear' o
abnormalities in adduction. elevation and rotation of ‘the limb during -
ua]king. and in particular by the onset of - *1imb dragging when fat1gue
set in; 'Severe or (4) limping describes the situatfon when the 1imb
was from the first almost totally incapable of being used to help propel

the animal foruards. When charts showing the time- -course of limping

after surgery aere‘plotted; the values (1) to (4), as defined above, were -/
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used: Absence’of 1impiﬁg. i.e. normal walking was represented by the
value zero. | - -
| >~ The most obvious effect of removing nerve 16 was a decrease in
addd:::dn of the ﬁimb in most cases the . aeima! could only swing their
o hind leg forwards through approximately 90° with respect to the main body
axis. Usually. when normal animals move, the knee is 1n a moderate
.degree of erxiop; fn contrast, salamanders with 16 nerve cut had the
knee jn hyperextenﬁfoﬁ Also the foot that normally rests squarely on
the ground, in the present group tended to be f1exed and pronated. [t
was conspicuous in these animals that they held the foot stiffly out to
“the side of the body or dragged it-passiveiy along (see Text fig.'227)
';Duriee the_firstltue pe§t-operatiee weeks all salamanders‘uith a |
cut 16th nerve shoeed 1imping ranging. from "slig;t‘~or (2) to "severe"
or, (4). the latter being the most freQUeSEJ The. rate and'degree of
recovery uas variable From a set d}_Ih sa]amanders which’ were tested
during a pertod up to 60 post-opevative days all of them had ‘improved to
-‘minieal' or (1)'degree.of limping by the 21.6 i 2.9'post;eperet1Ve_day
(averaée ‘.SEH);'with a.range from the Bth to the 41st post-operative day |
"for the amount ‘of recovery; 12 of these salamanders recovered comp{EEe]y/”
normal ualking on the 35.6 ¥ 4.2 post-operative day (average * SEH)./ufth
a range’ from the 15th to the 60th post-operative day. These resubf;

shoued that the t ime-~course of functional recovery after section of nerve

16 presented a considerable variation from.animal:to animal. However, by

' ~q£b0ut the S5th post—operati&e week after section of nerve 16 most sala-:

manders showed complete functional recohery ‘insofar-as walking patternj

was concerned. Examples of the' time-course of behavigural recoveryare




[

'Patzgrn of ualkgng movements in a salqmahder whose right nerve.
16 was cut a week before. Hote that the right hind Tinb is held out
Sstiffly to the side of the body. and that the tong axis of hind 1imb
form an angle of about 90 . with the main body axis; although it is not
apparent from the drawing, it was usually observed that the ankle was in
‘extension and pronated. This'drauing'yould i]lust;;te a salamander with
sevefq or_(d)-limping; qompafeusuch 1mpairmént of-walkiﬁg with the |

normal battern of Qﬁikinq pfgsented in Figure 2-6:

-
N B}
. ' "
f -
4
.
- v
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plotted on Text fig. 2-8 and 2-9. -

3. Acute effects of colchicine on nerve conduction Lt

_CompOund action potentials were recorded as described in Hethods
section, and’ the effecfs of various colchicine concentnations (b 025M to
0. 2H) were measured with respect to the fo]iowing parameters of compound ¢
action potent{ial: latency. time to peak. and peak amplitude Te;t fig. \\J
2-5 .shows 3 typical recording of a comp0undaaction potential ‘ The data
for the control _response before applying coichicine (0 minutes), those
made at 10, 20 and 30 minutes after colchicine application and that made,

10 minutes after washing out the drug (40 minutes] will be presented. '
b . K

(a) Latencx » |
. The histogram (Text fig. 2-10) summarizes the data for doses of
colchicine ranging from 0.025M to 0.2M. The Eesults show that none of
these concentrations of colchicine acutely applied for 30 minutes (see.
Methods) caused any significant change in the iatency of compound action
potentiai o R

(b) Time to peak agplitude

Histogr {see Text fig 2- 11) shows that colchicine solutions cf

t

0.0254 to 0.24 applied for 30 minutes caused no significant changes in

the overall cgnduction veiocity of cempOund'attion potentials. This

T,

;Vé]OC’tY for the fastest conducting fibres iﬁs in the range of 19.9 m/sec. 7

*(c) Peak amplitude of comeund action potential

Histogram{see Text. fig. 2-12) sunnarizes the data concerning the
effects that colchici e solutions had on the peak amﬁ%itude of<a campound
’action potential For -.ncentrations ranging from 0.025M to 0.1M there

. wWas no significant ef ct on the c0mpound action potentiaI ef treated nerves

w



‘FIGURE 2-8

Time-course of the recovery of normal walking after section of
nerve 16 (salamander 16-169). This sslamander showed initially "severe
or (4)_Timping and it was not uﬁ;i] the 39fh'post~operative day that
normal walking was observed again. In this group_of sa]amanders (secfiuﬁ
of nerve 16) statistically srgnificant 1ncreases in the motor fields of
1nnerva¢10n of nerves 15 and 17 were detected as early as the Sth post-
operative day.o This example illustrates ;hat group which showed a Iate

D r . ~
' recovery of normal walking.
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-t

| Time;;ourse of recovery‘bf normal wslking_after section ef nerve
16 (Salamander 15-191). It‘fs.apparent'fhét'over a pefiod of 15 days
the degree of limping which initially was classified as “moderate" or {3,
decreased progress1vely until’ nonmal wa1king was recovered at the 15th
post-operative day. It is wonth not1ng here that significant inéreases
in the motor fields of 1nnervat1on of nerves 15 and 17 were detected a5—~"’“"/
earlyr;;ﬂehe 5th post- operat1ve day. This example is from that gr0up of |

sa]amanders which showed a relat1ve1y qu1ck recovery of normal wa!king
. . ‘_\‘ . e
I

-
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FIGURE 2-10 -

Effects of co]chﬂ£1ne*solut1ons on latency of compound action )

- : - notentials. 0 minutes correspondv.to observations made before colchi- ;{
| L -] | cine was app11ed 10 20 and 30 minytes, to observations made dur}ng
such eprSure times, to co]ch1c1ne, and 40 minutes. to the period 10 .

i “minuteS‘after-wash1ng out the drug. The jeft hand column of each pair
corresponds to tne-Ringer-treated control nerves, and the right to
co]ch1c1ne treated ones. The doses are'indicated below each row of
histograms Each eolumn corresponds to the average (¥ SEM) . Tne number

~

S of experiments were for 0, 025M colchicine {n = 5}, 0.05M colchicine

(n=7), 0.1 M co’lch1c1ne (n = 19), and 0.24 colchicine (n = S . The
difference between each pa1r of values was not statistica11y sign1f1cant
(level of significance P >0.08). SRR L
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FIGURE 2-11.. = ./

: . " . /,v-‘—"'“.‘ )
-0 . - ‘ ) b ) ) <

L , / VAR
Effects of colchicine solution on time to peak of -Compound .acticn

potentials. 0 mindtes_correspénds to observations made before colchicire

was applied, 10, 20, and 30 minutes, to observations made during such

the drug. The left-hand calumn of each pair corresponds to the Ringer-

’

treated control perves, and the right to colchicine-treated ones. The
: . 2

. doses are jndic{ii: below each row of histograms. Each value corresponds

chicine (N -‘5) 0 OSM colch1c1ne (n = 7) 0.1M colchicine (n = 14)

menta? values -tended to be greater than the contrql ones," but such

differences were not sign1f1cant in any case {level of significance’

= 0.05). < | .

EM) The -number of expefimentiﬁwene fdr 0.025M. col - E

" exposure times to colchicine, and 40 minutes, to 40 minutes after wasning

-

_for 0 2M colchicine (n = ). Hith the h1gher concentrations the experl- .
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| FIGURE 2-12
L Effects of colchicine on peak amplitude of compound aét:on
potentials. 0 m1nutes 1nd1cates observations made before colch1;i;§ was -
app]ied 10, 20 and 30 mlnutes. to observat1ons made during such t1mes-
of exposure to coIch1c1ne, and 40 minutes to ten m1nutes after wash1ng
out the drug The left- hand column of each pa1r correspOnds to R1nger-
treated nerves. and. the rxght to colchicine- treated ones. The doses are
1nd1cated below each gr0up of h1stcgrams Each column coerSponds to
the average (* SEM). The number of expermments were for 0 025M colchi-
cine (n = &}, U”OSH coIch1c1ne (n = 7), O.IM colchicine (p = 15), and
0.2M coTch1c1ne (n = 5). Swgn1f1cance of differen;; fs~dﬁdic§ted by

*p <0.05,'and ** P 20.01.
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. | |
as compared to. that of nerves which were e;posed to amphnbian Ringer only.
Treating the nerve with 0. 2H coichicine for 30 minutes, however, resulted
- in a significant decrease in the peak amplitude of the compound action
potentiai Such decrease ;as detectable as early as 20 minutes after
-exposure to 0.2M colchicine FUrthennore. in some of these nerves the
compoyund action potential disappeared completely for about half an h0ur.
and dzd not recover comp}eteiy Hith continuous washing over a period of -
about 4 ‘hours. Text fig 2-13 and- 2-14 illustrate typical examples from:.
the present group of experiments., -~ o . ' !
(d) Conclusion | |

; The resu&ts indirate that coichicine doses ranging from 0 025M (/

. to 0. iH applied for 30 minutes to a nerve trunk’ did ‘not cause anﬁ\

immediate éffect on the compound action potential However a dose of
_g'zh colchicine apptgg#*for 30-minutes caused a significant decrease 1n p“# g%
the ampiitude of thelcompound action potentiai which was only partiaiiy

t reversible ‘These findings suggest that colchicine concentrations of

0.1M or less applied for 30 minutes .may not have caused damage of nerve

fibres. at least in. the short term Such doses were used in the

foilouing sets o¥ experiments. o -

4. Motor behaviour aftedrcoichicine treatment . o . : ‘ v

(a) The reflex withdrawai response

res

' Hhen the foot of the hind 1imb of coichic1ne treated salamanders
was slightiy stroked with a bristie the quick withdrawai of the foot was

normal. and did ‘not differ from that observed on unoperated saia anders.

wo ~ - . ) -
o . . 4 . - < N .




R F'IGUR'E,‘ 2-13
\-‘ | .: .".-"" . _..
h - Effects of acute treatment ‘of a nerve trunk thh 0 ZM colch4c1ne
- for 30 m1nutes in v1tro (a) shows the contro] record take?,ak the
> beginning of the exper1ments. f note that after 30 minutes of such treat-
ment (5) there was a decrease 1n the amplitude of cohpound action
potential and a 1engthen1ng of its Iatency and time to peak amplitude.
(c) made 10 minutes after vashing out the drug, shows that such changes

~were only part1al]y reversible. The calibration marks indicate 0.5V

- '(vertical) and 0.5 msec (hor1zonta1)
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FIGURE 2-14

-

Effect of acuté applucatTOn of 0.1M colch1cine for 30 minutes to

the "middie" region of a nerve trunk.. (a) shows the controf record taken

-

at the beg1nn1ng of the exper1ment (b) the record taken 30 minutes after

the nerve trunk was exposed to 0 M colch1c1ne, there wWas a reduction of .

_the control

" about 9% in the amplitude of compound action potential, as compared to

record; {c) taken 10 minutes after washing out the colchi--

cine. solution shows that such small changes (when they: occurred) were

revers1b1e.

and moreover they were not s1gn1f1cant (level.of 51gn1ficance

P ) 0.05) fgr the whole group of experiments., The calibration marks

indlcate 0. 5 mv (vert1cal) and 0.5 msec (horiidnta]).

L I






(b) Walking after cblchicine treatment

Acute apptication of colchicine, as described in Methods, produced
either no timping, or in a few animals a “m1n1ma1" or (1) 1mpa1rment of
ualking up to the 12th post- operative day (see Text f1g 2- 15 and 2- 16)

“The. "minimal“ 1imping.observed was probably due to Surg1ca1 trauma of the ;
_,——\\hip muscles; since it was seen up to the 7th post-operative day 1n somei

;alamanders after simple exposure of nerve 16 in “sham" operations. In J:

\5é\\tfl of such anima]s "w1nima]" 1imping appeared only after they have :

e y
wa1ked for & coup]e of minutes, ‘and after the 7th post-operat1ve dayieven

this degree of 11mping d1sappeared ‘
Practical1y ‘all animals in th1s group p]aced the foot squarely on
" the ground and none of them presented the foot on the treated side. in |
S~ flexion and pronation. S0. far as behavioural observationsare concerned
therefore, the variouys doses of colchwcine {0.0254 to 0. 1M} which. were-
used in these experiments caused no s1gnif1cant effects either on walkrng
or on reflex uithdrawal“to nechan1ca1 st1mu1at1on of the foot. Although

it was sometimes difflcu1t to d\stinguish between normal wa1k1ng and
o
“minimal” limping, it shOuld be noted that colchicine- treated sa]amanders

-

never shoeed "slight" or (2) limping, which could’ ‘always be recognized

without any ambdguityc

3

(c) Conclusionv/ v - B
The - time course of recovery of colchicine and "sham" (Ringer)-

treated salamanderswuas very simi!ar Most of them 1n fact showed no e

1imping at a11 These re5u1ts are in sharp contrast to those from ani- N

'na1s ‘which had unilateral section of nerve 16 From the point of v1ew

of behaviour. therefore. the co]chicine doses used 1n these exper1ments

t “ -

- -
‘\_. \\,_\ * . . . 1 . ‘-- B N )
’ ; ' . ' - DR
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- "“ FIGURE 2-15 ‘
. . . £
Behavioural obsérvations performed on salamander (C-76) whose
A right nerve 16 was treated with 0.1M colchicine, as described in Methods.
"This sa]_a_mande{'- is an-exgample of those wl{i‘ch did  not show any limping
Y, o S after such a treatment. Coimpare this Chartﬂwit’h “the s_évere d:'egree-s of
» %" limping observed after section of nerve 16 (Figures 2-8 dnd 2-9) .
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FIGURE 2-16 ' -

Time?course of the recovery of normal walking 1n,a.salamander‘
(C-118) which was treated‘u‘ith O.l}'. co]thicine.for 30"‘m1nutesi dn the
'right nerve 16, a® described in Methods.. fhjsksalamAnder showed only
"minimal” or (1) degree of limpihg; "the_ﬁatter hed‘dieapeeared by the
11th post-operative day. CO]ChPCIne treated sa]amanders did not Show
higher degrees of Tirping and recovery of nornal'walking occurred
always beforq;the 12th p05t operativé day when they presented “r:naﬁa."
Jimping, eften they ‘did not limp at all. Compare this with the chary ”

for an animal in which the 16th nerve was-cut (Figures 2-8 and 2-§).
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_were tb;ai1y 1ﬁefchtive, and this dramatizés somewhat the subsequent .-

findings which are based on other- measures of colchicine actions.
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Part 11-C DISCUSSION ON BEHAYIOQURAL OBSERVATIONS /

- Tt
. ._ Py " . .
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T

The most important;finding’has been that the severe limping -

‘caused by cutting. nerve 16.gradually reversed so chat the normal walking'
pattern was re-established af'er'soné 35'doy§ or, so. while after sham . 'l .-
operations or colcnicine tresUnent no behavf0ura1 dbficat was apparent ' |
at any Cime in most animals. The recovery of the reflex withdrawal res;
.ponse-to touching of the denervated skin area mayholso'havé'oeen gradual
lbut unlfke the sicuafion eith larger enimals. e.g._rabbits (Hedde]l.gg .
8l., 1941), and humans (Livingston, 1947) it was pot possible to follow
-1he time-coor' of such recover; in sal% nders because’of the snall size
of skin area' fhvolved.: “ )
As u1h1.bé’shoun later in this the 1s,. at least part of the funcﬁ
' tiona] recovery may be asevciated with th sprouting~of nerves 15 and 17
vnich occurred both 1in the muscles_ané/fne skin, and prevention of this
sprouting in nerve 15 (see Part YI} ) also delayed or prevented this :
recovery However. spr0ut1ng was complete by the 10th post- operative day_
: at nost whereas full recovery of behaviour could take 3 tihes as “long <
(35 days on the average). (here fs norpally a significant overlap of
innervation or muscles innervated by nerve 16 with both nerveé,ls and 17,
and the sprouting of the Satter nerves occurred into 2reas which were ; g ‘
usually synergistic, both sensory and motor. It seems surpr{sing. nowever.
-that peripheral sprouting’uithout any central nervou;;s&stem changes could

accouynt for the recovery of normal behaviour, and the fact that_ the latter

took longer than did the completion of the peripheral sprouting supported

83 ' -
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. 1

this. Evidengé‘thét adﬁptive;éhanées can ocguf in é;e spinal cord was
fousd*by Sierling (19705,,1973) who showed that the.féflex lat;ncy
Setueqn nerves LS and 17 became sigdificantly‘shorter ;hen nerve 15 ha;'
increased 1;s.tquch;recept1ve'field presumably by sprouting, aftér com-
plete elimination of perVe'IG. Hor%over. it then'becéme comparab{e to
the refiex[gi?icj found in normal animals which @ready had a large -
touch-receptive fieid of nerve 15. Although she did not make a thorough
studx of the time-COurse“of this phenomenon- it'seeﬁs that she 23rd "
post- operative day was the earliest time at which such shortening of
ref]ex latency was detectable.. Exactly what adaptive changes would octur
nnich c0uld be appropria*n for the functiona] requiresients 1s a matter r
for speculation which will not be explored here, except to mention that
it could involve central sprouting and/or re-routing (respec1f1cation)

of central conngcttoﬁs; th at;eF has been implicated in aha1a90us

experiments of Miner (1956) and Jacobson et al., (1969).

With regard to the colchicine experiments, as will be shown Iat@p,

peripheral sprouting of the,a&jacent untreated nerves also occurs; here

have the problem of how the central nerv0us system “handles" impulses

oaing along nerve fibres which have apparently sprouted into new skin
as well as retaining connectfons with original skin, and at Jeast in some'
salamanders how it deals with outgoingrimﬁulses in fibres which have

P bably taken over new muscles as uelI as- retaining c0nnections with the

original muscles. It s of course possib1e that the resolution of the

L}

behavioural observations'in the present experimehts was not adequate to

detect subtle malfunctioning in the motor system

A key question which has not ‘yet been ansuered is uhether or not

-,




possibility gave inconclusive. results.

- - 85
sprouting after colchicine treatment results in changes in central reflex
1atencies between nerves 15 and l?aas'Stiriing found in the nerve-

sectioning eip'eriments; some preliminary experiments' to 1nvesﬁigate this-
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" part I1I-A FETHO?F FIELD MAPPING
The hethods of sect10n1ng or ¢olchicine- treating the 16th nerve
uitH“SuQSCQUent-reqovery of the animal have been described in Rart T1-A

(¢)

L

kY

1. Preparation'of nerves for recording -

" The salamanbers were anesthetized with 0.1% M5-222 and then

decerebrated as follows. An incision was ﬁade over the-occipitoaatlant-'

_oideal Joint the occipito atlantoideal liganent was exposed and CUt then

the upper part of the crania] vault was extirpated A section was pera

o forned at the level of emergenCe of the 10th cranial nerve, the brain was -

recoved with forceps and the cranial. cavity f111ed with cotton. .

After decoebration, the d1ssection of the hind limb plexus was
* performed’ in the fo]]o~1ng manner: A medial;jncision was made from
vertebrae 14 to 18; at theie;d of-this incfsjon tuo‘laterel incisions,
were made, two skin flaps were thed excised along a line parallel to the
cidline at a leve) with the groin }he'mdscles of thelhip'region were f

. recoved and the -nerve trunks of nerves 15, 16 and 17 wereexpo%ed on both

. sides Soth ilia were cut as near to the vertebral column as possible,

and closh to the origin of the 1imb; -the bones uere removed. Great care-

was taken not to damage nerves 16 ard 17 during this step.

) Using 3 fine glass rod, the nerve trunks were. dissected free of
connective tissue to the region uhere they branch to form the 1imb p1exus
(Ffgure 2-1). In. sone animals. nerve 18 also participates in this plexus

formation: such animals were not included in the present study. The

i.

g
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nerfe trunks thus dissocteo“were cut as near to ‘the vertebral column 4s
. possible and a-throad was tied round the cut end of the distaiustump.
Usuaiiy.gthe aroont ot bleeding during the dissection was very -
slight, ‘ang a maintained blood flow through the small blood vessels of
nerve trunks and the small skin capillaries could be seen uithout any

anbiguity In those few cases in which, there was considerab]e hemorrhage,

the bIood flou was sluggish and sonetimes difficult to observe; the

=

[
.

. iatter group of animals was discarQed:

2 Recording techniques

" The-recording eiectrodes were a pair oi'platinum wires across
1ihich the nerﬁe was placédhso that the cut end did not touch the body in
any way, but”uas.uoll ppoitioned in the distal ono of the platinum wires.

'Ine electrodes uere connected to the anplifier imput via a filter device

: uhose frequency iinits were set at 150 HZ- IOKHZ The nerve signals were

a.piified and dispiaygj on a Tektronix 5103 .storage oscilloscope. and _
relayed through a ioudspeaker which was used to monitor the nerve activity.

,iUSu61ly. the OSCiiloscope ‘was set in the triggering mode "free running®,

-at a gain of 20 or 50 pV/cm. and at 2 sueep speed of 5 msec/cm. }he
apparatus and the preparation were connected to a common ground (?igure é'

3-1). | |

% 4

3. ‘Stisulation of touch receptors

A holdﬁ( containing a bristle was manipulated by hand so that light o
2 )

touch of the bristle was applied to the skin in singie brief swegps

2

covering about 1 mm“ of skin surface. Hith practice it was possible to -

define within 1 om or less, the edge of the skin area which comprised the

e - IR o
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= Loudspeaker

'__JCRO

Filter

FIGURE 3-1

 This diagran rep?esents the connections beiueen the several coﬁaéﬁ-

ents cf]the set-up used for the mappingcpf t0uch-fecep;ive fields. The hind

bird skin was lightly stroked u1£h~a bristle and the action potentials thus

evoked were record@d.frun a pair of platinum wire electrodes. ';he electricalf

;1gnals passed throygh the filter before beiﬁg‘amplified in the CRO; such

apiified signals were relayed.thrqugh a_ioud;ﬁéaker. The CRO ‘was set on L

the trfggering mode “free runhing'.} The'apaargtus-aﬁd the prebarationsrﬁére .5A

- . [,

grounded to a common point.

!




field of the nerve Fecorded,from; The audifory moﬁitoring of the 1mpulse$
}bver the isudspeaker) proved very .sensitive in this regard. The field
was that area which, when stinulated in this way, gave rise to impu]ses

in the nerve. As it was defined ‘during the experirrent it's 0ut11ne was
indfcated in a “standard” map of the leg area in pencil. This "standard"

nab was a picture of the dorsal_and ventral aspects of the hind Timb

‘amplified 20 times, the area enclosed within the out]ineé‘of the nerve

fields were measured (1n.cm2) using a planimeter,‘and subsequenfly con-

verted 1ntb nmz of-innervated skin. There is probably a small difference

betueeh the actual area of skin and the area circumscribed by the outline

on the hind 1imb picture but such differences seem negligible. since

1 4

they. were the same for both sides of the body. and leg size did not vary -

greatly from-one animal’ to another. S '

&




part I11-8 RESULTS . o 3 L
. . . ‘ - e . .‘(‘ )
’ ) N g g " L.
1~ Typical examp]e of a mappiqg experiment ‘ :

7 From some regions of hind limb skin a barrage of spikes was

evoked in the selected nerve trunk uhen the skin was lightly stroked - S
" with a bristie. uhilelother regiOns were unresoonsjee:(Figure a&z). ;fhé '

_spikes relayed irom tﬁe CRO thrOugh the i0udspeater produced a Coe . ," T

characteristic sand which was very useful in the mapping experinents

(see Hethods) Figure 3-2 i]iustrates one such experiment -in which . f \

touching the, skin lightly with 3 bristle in the three different points_'

narted on the shaded area of the hind 1imb diagram evoked a-discharge of

spikes. the bars below the trace: indicate the time during which the skin

was stroked This procedure was perforwed uhile-observnng .the hind iimb <

i

under a dissecting microscope By carefully exploring the surface of the

skin. a map cou!d be made of the innervated area (shaded area in Figure

3-2):‘ ¥hen the rest of'the skin Has touched there was no discharge (trace "ﬂ
- b, points & tou6) 1t is apparent fron the record that there -were some. LA
‘occasional spontane0us spikes unreiated to the period of stinulus appli-

*

cation; 2 barrage of‘imnulses such as that seen in record (a),. however

did not occur. The spontaneous lon frequency firing of. spikes was '/{
observed often and originated frdm\the muscles’ and joints. since they

somet imes persisted after the limb was skinned; some spikes could also be ”4L

<

. N
' b ) . oy -

1"Jury discharges from skin nerves.

I

Hhen the hind 1imb was skinned and the muscle surface was lightly

stroked with the bristle, no~equivalent bursts of impulses were- evokeq.,‘
‘ ,{\' ' " 91 ' o - IR

~
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FIGURE 3-2

" Mapping of 10uchrreceptive fields Action potentialk were recor-i
from the whole trunk of nerve 15. Record (a) shous the burst of spikes

evoked when the skin was light]y stroked during the periods iIndicated %y

~ the bars below over the points indicated by 1, 2 and 3 in the drAwing

beside the traces. Record (b) shows that touching the skin. with a bristie

at points 4, 5 and 6 did not evoke bursts of* spikes ‘on nerve 15, only sper-
taneOus spikes were observed (The degree- of spontaneous activity was
variable from one salanander to another) Record {c) which was taken from-
another salamander shows an example of a quite large am0unt of soontaneOJs

activityirinerve 15. The calibration marks indicate 50 pvolt (vertical)

and 1.0 sec (horizontal) the bar below the hind 1ymb drawing represents.

cr
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lthune 3-35; however, prodding the muscle with a glass rod did evoke a
discharge of spikes in the nerve trunk. .These results show that the

ligﬁt strokino of the skin with the bristle stimulgted selectively |
rechang-receptors lnfthe stin; other .kinds of ."deep” mechanOJrecept rs,
part1cu1arl} tuscle spfnd]e'or'tendon-organs. had a higher mechanicel
Sreshoia for tﬁisfkind of'stimulus The mappings performed es described
" above, therefore represent the “touch- receptive field of the nerve from
which the action. potentials were recorded It is worth noting that the -
boundary between the innervated and non-innervated areas defined in this
wiy, was quite sharply de@ercated. and often a movement offthe-bristle of
about 1 o could distinguish the edge of the field.

 The underside of the Hind 1imb skin aé-uqlt as its dorsal surface’

was explored in this way{' however, for flarity only the results from the
-dorsal Surface are presented 1n figures throughout this thesis. For the
calcolation of the a?eas 1nnervated by 2 spina! nerve, both of the aspects

of hind 1icb were taken into account. °
. - i . N

..Jw

2. 'TOuch-receptive fie!dﬁ'in”thoperated salamanders. .

{a} Individua) examples: The results of the electrophysiological
rapping of'touch-receptive.fielqs_from twogsalamenders will be presented
(salazanders Hl and K3), |
Salamander Nl:- The results from this experiment, (Figure 3-4), showed:
that the spinal nerve 15 on each side innervated approximately the anter1or
"one third of the hind lisb skin and the first and second toes;- the area )

2

" of skin fnnervated by each 15th nerve was 212 m". The spinal nerve 16

on the right side' innervated the skin of“the whole hind Iimo.which corres-

~

J




T " S FIGURE 3-3
Mapping of e0uchlreceptive fields. Recbrgs(a) shouﬁ the bufsts
of spikes which were evoked in nerve 15 when the points 1, 2 and 3.were
lightly stroked with a bristle during the time indicated by the bars
below. On'y from the shaded area of hind 1imb could such. bursts of
" spikes-be evoked. Subsequent]y the ‘hind 11mb was skinned; record (b)

+ shows that prodding the muscles with a glass rod (upper trace), during ,
the time 1ndicated by the bars below, evoked bunsts of, spikes while
Tightly strok1ng the muscle 5urface with a bristle (loyer trace) was in- j

~ effective Therefore, stroking of -the skin with the bristle selectivelj
stimulated mechano- receptors in the skin, and not muscle or other’ ti55ues

(joints, tendons). Calibrations are S0 pvolt (vertical) and 1.0 sec .

. _(horizontal). the bars Below hind 1imb drawings represent 10 mm. //;’f

<
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FIGURE 334 f

Touch-ré;eptive fields of'herves 15, 16 and 17 of an unopefated
salamander (N-1). In this exanple and all\;ubsgﬁyent ones, only the
dorsal surface of hind 1imb-n111 be presented anteriur {head on) .is
always to thefr{ght.‘aﬁd caudal (tafiil enq) to the left of each/drgning.
The shaded area.indicates in this salamander and ali 5ubseqﬁent ones,
“the a;ea of skin 1nnervate& by a given nerve. Note that nerve 15"
innervates the most anterior aspect of hind 1imb skin and two toes,
nerve 16 almost the whole hind limb/;k1n and nerve 17 the most caudal
) aspect of hind 1imb skin, and the toes from the second to the fFife '
The b11ateral syrnetry of the pattern of hind Limb 1nnervati0n is

Gpparent from this example. The bar below the drawings fndicate 10 mm.




. 98

£

onded to an area of 572 mn2 while the left merve 16 differed from the
right one fn that it did not innervate the most caudal third of the téigh
skin, its area of innervation was 544 mnz Both nerves 17 innervated ’
approxirately the caudal half of hind 1imb skin and the toes from the
socond to the fifth; the areas.innervated by the right and left nerve 17
were 436 and 428 mnz respectiveiy v - ,

1t is apparent that the areas innervated by any given pair of
corresponding nerves (right and left) in this salamander were very sinilar,
1ndicating a high degree of bilateral symmetry ‘of their tonch receptive
fields (see beloy}. : # ' | ' .
'Salarnnder N3:- The results from this experiment are shown on Figure 3- 5.
Both nerves 15 fnfervated the most anteriqr quarterﬁof the hind 1imb skin
-up to the level of the ankle. and it should be noted that they did not
{nnervate any toes. at all; tne total areas fnnervated by'the right and
left nerve 15 were 80 and 84 mmz. respectively. Both nerves 16 innervated
‘almost the whole skin of hind 1imb, except for the most caudal third of
thigh skin; their areas of innervation being 552 nnz {n both cases. The
right and left nerve 17 innervated the most caudal third of hind 1imb skin

plus the toes from the second to the fifth. and the areas of innervation

were 340 mz on both _s_ides.-

(b) Analysis of the pilateral sywnetry of touch receptive fiells: The

cain featuré of the pattern’ of 1nnervat\pn in the examples presented above
was the high degree of bilateral symmetry of the t0uch “receptive fields.

The area 1nnervated by a given pair of nerves did vary, however, from one

" animal to another, specially in the case of nerve 15. In this respct the




FIGURE 3-5
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Touch receptive fields of an unoperated salamander {N-B). Note

that nerve 15 innervates the most anterior zone of hind 1imb skin, 'but

‘no toes; nerve 16 innervates almost the whole hind }imb skin except for o

a smaII corner.on the caudal aspect of thigh; nerve 17 innervates the

nost cauda! region of hind 1imd skin and the toes

the drawings indicate 10 m. . " s

from the second to the

fifth. MNote the bilateral sywnmtry of the skin fields. The bar below

-
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two examples illustrated uere the most extreme.ones insofar as differences
- between individuals were concerned. K statistical analysis was performed

the results obtained from a group of such animals. in which the areas
innervated by corresponding nerves on right and jeft sides were compared.

statistical Hethods: for each pa1r of nerves in a gr0up of 12

nealthy unoperated salamander;. “the average (x). standard dev1at10n (SD)
and standard error of the mean (SEM) were calculated for the d1fference
- petween the areas of skdin innervated by the right nerve minus the left.
A 't test for correlated measuyrements was . then perfonned in order to find
out uhether or not the difference was statistica1ly significant. A non-

‘significant difference between the areas innervated by correspOnding- '
' erves (15. 16 and 17) on right and left sides, 1nd1cates bilateral
sy=petry in th ir fields of 1nnervat10n

Usually the nymber of exper1nental animals was about 12- 20 in- each
ronth, and 1 was aluays aware of whether the animal was ynoperated, or
colchicine-treated and so on. It can be argued therefore. that a sub-
jective and unconsctious bias might have existed when performing the mapping
eggeriments This may not be as serhns as 1t may appear at first sight,
since for instance, a cOmON featuyre of sprouting (see below) was the
take-over of extrg toes, each of which represented 2 kind of "all or
nothing® respense.(the presence Of absence of bursts of spikes when the
toe was toeched).l This response, althOugh noted “subjectively” (since 1t
ws evoked by-é.mqnpally prlied stimulus)'constituted in effect an
‘Objective' observation as viewed on the CRO screen.

‘It was fOund that the average of the difference between both ides

for né;ye 15 was 3.00 + 2.72 - (average + SEH) and this d}fference was

\
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not statistically significant‘(leve1 of significance P> 0.05). For

-

nerves 16 and 17 the figures were -3.32 ¢ 6.28 il and -0.32 + 0.80 mm’

respectively averagﬁﬁj SEM).  For both nerves 16 and 17, as uith'nerve,
15, the differences uere not statistically signlficAnt {1evél of signifi-
~cance P ? 9.05). These results, therefore, show that the t0uch recept1ve
fields of all 3 nerves were bilaterally symmetrical. Thisﬁis revea]ed in
greater detat) in the fol]owing sections.

{c) Mystatin-treated sa]amanders. It has ‘been mentioned (Part II B 1

nniual Husbandry) that sone fungal d1seases presented by salamanders uere
treated with Hystatin ointment (100,000 USP per gram). In order tb,test

whether or not Such a treatment nay have an effect an the bilatera1

syeretry’ of. peripheral fields in Hind 1imd (see above)., % healthyunoperated

salamanders were rubbed daily with Nystatig ointmention the right hind

Iinb\for a neek and then the mapping of touch- -receptive fields in hind

lirb was performed. The data concerning the latte experime s is

assemb?ed‘on Table 3-1.. This shows thatwthe topical applic tio of Mystatin.

'oinunent did not induce any significant change in the bilat

tOUFh receptive fields in hind. 1imb; therefore this therapeutic agent was

assuaed not to interfere with other experimenta1 procedures sych as section
. .

of nerve 16 or treating nerve 16 uith colch1c1ne The data from the group
of Nystatin-treated~healthysalamanders (n -'gl‘uas therefore pooled with
that froo the previous group of 12 unoperated salamanders and is assembled

on Table 3-1. "Not only was bilateral svaetry unaffected, but-the sizes

of the fields (right and left) were within the range of Untreated animals,

indicating that the Hystatin treatment did not cause generalized {and

Sﬁnnetrical)cﬁaﬁges in skin fields. From now on, the group of unoperated

smnnetry of

\
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L ' : o TABLE 3-1

a1

DIFFERENCE IN S12€ OF TOUCH-RECEPTIVE FIELDS IR SALAMANDER HIHb LiMB -

Group ' Kerve 15 . Nerve 16 Kerve 17
Unoperated _ 3.00 . -3.32 -0032
(n * 12) ' +2.72 | +6.28 +0.80
Nystatin-treated . 2.40 .1.60 .  0.80
(n = 5) _ +1.80 - +7.00 +1.68
Pooled data - ' - 3.04 24 . -2.84
(n = 17) _ , ¥2.44 Lo-ee oo +4.68 .

Y

Each va]ué represents the average (+ SEM) of the difference
between the right hnd'feft'side touch-receptive field for each pair df‘ .
nerves, in mnz of 1nnervated skin, Al salamander; 1nc1uded{1n this
- group were in goc& héailﬁ; The differences Qere not statistically sig-

nificant {level of significance Py 0.05). o ' ™
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TABLE 3-2

1Y
\
\

\\ AVERAGE S1ZE OF TOUCH-RECEPTIVE FIELDS OF HIND LIMB NERVES IN A.TRIGIHUM

~

. Side Nerve 15 Nerve 16 Nerve 17

4 . o
‘Right 176.2 .+ 11.5 485.2 + 17.8 351.3 + 14.7
Left 174.4 + + 16.8 354.0 + 16.1

11.2  483.8

)

The values repre;ent the average + SEM of the skin innervated by
‘each nerve trunk in-nn@. The \group tncludes 17 healthy pﬁoperated -

salamanders. The difference between each pair of valuyes was not stasti-

cally significant (level of significance P > 0.05).
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salamanders uill comprise the pooled data from the 17 _unoperated
salaﬂanders above.

(d) On the size of touch- recepti:e fie1ds The frequency distribu-

tion of the areas of skin innervated by nerves 15, 16 and 17 (right and
teft SidGS) is presented in Figures 3-6, 3-7 and 3-8, respectively. These
show also that for any given pair of nerves the distribution of sk1n areas
innervated 15 very similar for right and left sides another ff;;fng .which
shows in more detail the bilateral syrmetry of their peripheral fields of
innervation. - '

~ In the case of nerve 15 the highest freQuency is observed in the
va1ues of - innervated skin areds raeging from 151 to 250 mnz. In the case ,
lof nerve 16 almost all areas of cutaneous 1nnervation>are inciuded in the
values ranging from 401 to 600:nn2 of innervated skin, and for nerve 17
the respective valyes are from 301 to 450 nmz

The average absolute values of the skin areas . {nnervated by the
rierves which 5upp1y the hind limb in salamanders were also calculated and
are presented in Table 3-2 and Figure 3-9. | : \
Conclusions: It is apparent from the above data that nerve 16

innervated the Iargest area of hind 1imb skin and nerve 15 the smallest
one, while nerve 17 had an area uith a value intermediate between the two.
The rtght and “left touch-receptive fields of innervation of given nerves
“were a!most fdentical. Furthernore, t%e frequency distribution of those
.areas were very similar on both sides. In the subseQuent experiments.

therefore. differences between right and Teft f‘e‘ds could confidently-be -

attribuieﬂ - to the experimental QAnoEuUvers. T ’ B

W
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FIGURE 3-6 -
Frequency distribdtion of €h€ size'of touch-réceptive fj;ﬁds
ufoperated satamapders (n = 17). The horizontal axis =

2 . L
represents’ the ared of skin innervated by nerve 15 in mn*, in-?bins

for neEve 15 i>

of 50::52; and the vertjcal axis the number of salamander showing L.

oL,
such value. The first col of <each pair represents the rigﬁ??side.

.ahd the second the left s%de it is apparent that’ the highest fre- ~
‘1
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quency occurred Jjn the *bing" 151-200, and 201- 250 mm . and that the |

frequency distribution for both sides was alnost identical
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'Freqhency di;trlbutioﬁ of~the size of touch-receptive fie1ds
;fbr nerve 17 in unoperated salamanders (n = 17). . The horizontﬁﬁ axis
~represents the area of skin 1nnervated by nerve 17 in m’, in "bins* of
ﬂ)nnz. and the vertical axis the number of sa!amandersfshowing such
value.- The first coluon of each pair represents theﬁfight side, and
the second one, the left side. It is apparent that the highest fre-
ﬁuency occurred in the *bins” 301-350, and 351-400 mmz. and that the

' jffequéncy distribution for both sides was almost identical.

-a
'k"’ ’\" - -T'Lt_'- Do
4 \ Kz Y T A IS
. N . v‘ N -
AR -




108-
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FIGURE_3-9 \

‘Size oé?the touch-recebtive'fields of right (R) and left (L)

_ spinal segmental nerves 15, }G-and 17, in unoperated salamanders (n ~‘17).
The height of the bars repriéents the average (* SEM) of the area of

skin, intst innervated by each nerve. The difference beQween each pair
K of average values was not statisticaIXy significant {(level of . signifi-
cance P » 0. 05) / 1t {s apparent from this histogram that the smallest

| touch-receptive fieid was that-of nerve 15, and the largest one that of

nerve 16..
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3. Touch-receptive iieldé in salamanders uith cut hind 1imb nerves

One individual example will be presented initially, followed by

¢

a statistical analysi§ .of the ‘whole grOup

(a) Individual example (Salanander 16 115): Herve 16 Qas cut and a

tie was applied to the proximal stump in order to prevent regeneration
' of the nerve into the distal portion, as described in Methods. This pro--
cedure caused severe 1imping which, had the animal been ai]owed to 5urv1vep
would have gradual]y recovered such that by the ;hird to the fifth post- - <,f’_
operative week nornai walking would have_ been aimost totally restored (see
Behavioural Observations). The mapping was performed 16 days after the
nerve section. ThqireSH'ts are presented in_Figure 3-10.
Nerve 15 on tne control (ieft)'side innervated a narrow strip
‘along the anterfior border of the hind 1imb and it did not fnnervate any'
toes. The areas of skin innervated by the right and left nerves 15 were
respectively 212 and 80 png {.e. the area innervated by the right nerve
15 was more than two and a half times 1arger th?n that of the left one.
- Right nerve 16 did not innervate any skin, but left nerve 16 . ‘ = .
- innervated the skin of the uhole 1aft hind 1imb with the exception of the

2 .

fifth toe, ie. an area of 564 mm .. Right nerve\IT innervated the caydal

half of the hind 1imb skin plus the five toes, while left nerve 17 inner- °
' vated appro:igateiy"tﬁ’#caudal third of hind 1imb skin and the toes from
the third to the fifth Their respective areas of innervated skin uere
416 and 398 cug | ’

-

It s apparent from the above data that both nerves 15 and 17

seeced to have increased their areas of fnmervation in the right hind 1imb 2

%

1 ' i ) - \\ N—
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FIGURE 3-10

Touch- receptive fields of hind Iimb of a salamander (16-115) in-

which right nerve 16 . was sectionéd 14 days previously. RNote that right

Oy

nerve 15 innervated two toes whilst left nerve 15 innervated none. The
touch-receptive fleld of right nerve 16 was completely e]iminated by
Sectiening it. Righf nerve 11‘;;nervated 2 1ar§er area of skin on the

s calf.and two more toes than its left COUnterpart It is apparent from
this EXDeriment that nerves 15 and 17 had incréise¢{§§¢ﬂa*ze of their
. ‘ el

- touch-receptive fields after partial denervationﬁof hind 1imb> The bar

_ below the drawings represents 10 rm.
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(b) Analysts of the difference between right and left touch-receptive

fields after section of right nerve 16: The statistical pfocedure applied

] the present group was identical to that described previously for the

-

group of unoperated salamanders The present group 1ndluded-30 salamanders

v

which were napped individually at various periods after section of nerve
16, ndmely on the 7th to 28th post-operative day. In all of these ‘sala-
zanders, the ffght nerve 16 had been successfu eliminated surg1cally.
and did not innervate any skin of the hind limb l n the othek(hand the-
left nerve 16 had a mean touch- receptive fieid of 495 + 45.0 nm (average B ’

+ SEM) which was not statistically different (level of significance P >

"0.05) from the touch-receptive field of the left 16 nerve of the unoper-

ated salamander group, which had corresponding values of 483.8 + 17.1 nmz.

" The differgnte-iq the ¢ize of touch-receptive fields o? the right
and Teft 15th nervés was dé 4 +7.8 nu@ (average + SEM), the right being
larger than the left. This difference was statisticatly sfignificant
(P <0.01). Since normally (see Part 111-B- 2(b}) the touch recepg;;Er
fields were-bilaterally symmetrica?. the findipgs showed that the right
nerve 16 had increased the size of fts touch-receptive field after total
elininatton of thé right nerve 16. -

The difference in the area of skin innervated by the 17 eréen_
right ninus left, uas 35 2 +6. 3 urF {average ¢ SEM). This difference was
statistically significant (P <D. 01). ahd as wigh the 15th nerve, the right
nerve 17 had increased f{ts size of touch-receptive fieih. _

Conclusion: Thgﬁe'results showed that total ‘elimination of the
?19ht nerve 16 leads to 2 significant {ncrease in the size of touch- recep-

tive fields of the adjacent merves 15 and 17. The results are-smnnarizgd
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‘. FIGURE 3-11 | , -

Changes in the touch receptive ‘fields of hind limb nerves pro-
duced by section of right nerve 16Y Each’ colunn represents the average
(+ SP1) of the difference in area of Q\(mm } iqnervated by the-right
side mipus the left side for each pair of nerves, indicated by the res-
. pective numbers 15, 16 ane 1} | Significance of the difference is
indicated by o p <0.01. Positive values indicate that the right side
had increased the size of its touch receptive field The_ broken 1ines
1ndicate that the t0uch-receptive field of right nerve 16 had dis-

‘aﬁpeared_conpleteiy and only that of ieft nerve 16 remined. The reéuits

are from 30 salamanders, the post- operative periods range. from 7 to 28

days.
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in Fi ure 3-11. -
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4. Touch-receptive fields in salamanders with colchicine-treated“nerves )

One 1ndividua1 experinent will be presented, followed by the

r

' stat1stica1 analysis of the uho]e group.

(a) lndiv1dual exampIe° The right nerve 16 was exposed‘and co]chicine .

solutions (0. 025//10 D.1M) uere applied to it for 30 minutes.as described
- in Methods. The electrophysioIog1cal happings were performed at. various

'times up to the 30th post-operat1ve day.

salamander C-57:- " Right nerve 16 was - treated with 0.1M colchicine for 30.
ninuies. The. field mapping was perforned on the l4th post- operatiJ% day

) (Figure 3-12). S : ¢. _

Right nerve 15 jnnervated a strip'about nne third Ehe whole widsn‘
of hind 1imb along the anterior border of the latter and tne‘first three
toes, while the left nerve 15 innervated a narrower zone and only two toes,
the areas of innervated skin were respectively 316 and 176 mmz. i.e. the
touch-receptive field of right nerve 15 was more than one and a half times -
that of the left side. _

Both right and Ieft nerve 16 innervated the whole skin of hind :
Hr.tif The innervated area being in both cases 572:nn2. ‘

' .Right and left nerve 17 1nnervated approximate]y the caudal h&]f
of hind 1icb skin; however the right nerve 17 1nnervated 5 toes uhl]e the
left one innervated only 4; the respective areas were 384 and 352 o’

(right and left). It was unusudl for the variations of fields between

r1ght and left sides in normal anima1s to ‘extend to the innervation of an.

extra_ toe on one side. : '~“' 2
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FIGURE 3-12

LS
TOuch receptive fie]ds of hind 1imb of.a salamander (C-57)

whose right nerve 16 was treated with 0.1M colchicine for 30 minutes,

as described 1n Kethods, 14 days before the mapping experiment ﬁote
that right nerve 15 fnnervated a wide( strip of skin along the anterior
border of hind 1imb than the left nerve 15 and also. one:toe more;

nerve 16 inneEVated the whole skin of hind 1imb on both sides, and right
nerve 17 1nnervated one more toe thqgfthe Teft nerve 17. lt is apparent
_ fTOm this example that treating right nerve 16 with 0.1M colchicine (see
Hethods) had resulted in an firicrease of the touch-receptive fields: of

the adjacent nerves (15 and 17); note that the area of skin innervated

by nerve 16 was the same in the treated and untreated sides. The bar

below the drawings represents 10 mm.

A

3
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! .
.These results showed that_nerves.ls and i? had increased the size -

of their t0uch—receptive fields, uhile nerve iﬁ experienced'nb change,

- insofar ‘as area of innervated skin was concerned after QCpte‘appiication

of - coichicine | -

-

(b) Statistical anajjsis of the difference between right and left

t0uch -receptive fields after treating right nerve 16 with coichictne

This set of experinents inciudes seVeral groups of salamanders which were
.*reated with different concentrations of colchicine soiutions for 30 -
ninutes, &5 described in Hethods. and individuai animals were mﬂpped at .
tines ranging from the 7th to the 28th post operative day. )

The data concerning the touch- receptive fields of nerves 15 16 and

17 are assenbied in Table 3- 3, and shown in Figures 3-13, -3-14 and 3- LS
‘ It is apparent from the data presented in Table 3- 3 that—€ol- -
chicine applied\to right nerve 16 in the doses ranging from -0.1M4 to 0.05M
provoked ag increase of touch- receptive field qE;right nerve 15, and with
0.1% colchicine 2 sign}ficant increase of the touch- receptive field ot\‘
right nerve 17 was also observed. That increase was dose-dependent (see
section belo-).' After treating right nerve 16 with 0.03M coichicine or
with amphibian Ringer. no significant change:. in the bilateral synnetry
of the touch- receptive fields of either nerve was observed. -
' The data concerning the touch receptive fields of nerve 16 itse]f
after treating the right nerve 16 uith several doses of co]chicine for 30 °
| ninytes, are assembled in Table 3-3. It fis apparent that‘colchicine doses
up tp 0.1h did not cause any changes_in the biiaterel symmetry of the
touch-receptive fields of nerves 16, and in this respect did not differ

from salamanders which were treated with amphibian Ringer alone or from
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FIGURE 3-13 .

Changes in the touch-receptive fields of nerve 15 after treating

right ‘nerve 16 with colchicine solutions (0 0254 to 0.1M) for 30 minutes,
1
as described in Methods. Ordinate .increase in area of t0uch-receptive

2

field of nerve 15 (right side minus left) in mm " Abscissa: concentra-

tion of colchicine to which right nerve 16 was exposed 6 to 28 days
previously. Each point represents the average {+ SEM) of Fesults from or
the fdllouing groups of salananders amphibian Ringer only or sham-

treated salananders (n = 6), 0. 025H colchicine (W = 3), 0.034 colchicine.

(n = 11}, 0.05M colchicine (n=7), and 0. 1M colchicine (n a 21) Sig-

-

nificance of,dlfference fs indicated by * P <0.05, and ** R <0.01.

7
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* " FIGURE 3-14

Changes in the touch-receptive fields of nerve 17 after treating
right nerve 16 uith colchicine squtions (0.025M to 0.1M) for 30 minutes
as described in Hethods. Ordinate: jncrease in area of touch receptive

field of nerve 17 (right side minus left) in .

Abscissa- concentra-
tion of colchicine to which righz nerve 16 was exposed 7 to 28 days
Pre"0051¥' ‘Each point represents the average (+ SEM) of results from

the following groups of salamandersﬂ amphibian Ringer on1y or sham-

treated salamanders (N » 6) 0. 025“ colchicine (N = 3), .0. 03H colchicine

~

(n = 11), 0.054 colchicine (n = 7), and 0. M colchicine {n = 21}. Sig-
nificance of difference 1is indicated by * P <0.05.

117
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% FIGURE 3-15 - , .

Relat‘lonshi;; between dose o.f colchicine and resultant fncrease
in touch-réceptive fields of nerves 15 and 17. Ordinate: total in- ,-
crease in area of touch- rece‘ptive fie'lds of nerves 15 and 17 (the
diffa?'nce betueen the field ¢izes on the right and Yeft sides).
Abscissa: concentrations of colchicine solutfon to which tht nerve
16 was exposed 6- 28 days previously. for 30 minutes. Each point rep- \
resents the average (+ SEM) of results from the fol]wing number of
experiments:  Shan-treated salamanders (n = 6), 0.025)1 colchicine
(n = \j). 0.03M colchicine (n-= 11}, 0.0 colchicine (n = 7), and O.1M
colchicine (n - 21). 'Si.gnificance of difference between right and

left sides is indicated by * P <0.05, ** P <0.01. -

-
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'unoperated sa]amanders B \\,f
The totai (surned) increase in area of touch receptive fields of

- nerves 15 and 17 {right minus left) was statistically significant for

the following doses: 0. M, 0. OSH and 0.03M coichicine but was not sig--

' nificant (level of significance P> 0.05) for 0.025M colchicine and for
a*phibian Ringer-treated saiamanders |

(c) Time- course of the increase in touch- receptive fields: For ease

‘ of comparison, the time-courses of the increase in touch receptive fields
_ after 'section of nerve 16 and after treating nerve 16 acutely with col-
chicine uil] be described together ‘The data concerning the changes in
tbuch- receptive fields of nerves 15 and 17 (5unned) have been plotted in
Figure 3-16 "1t 1s apparent from this that the eariiest detectable in-
_crease in t0uch receptive fieids after both section of right nerve 16 and
. after treating it acuteiy uith colchicine solutions (0. OSH and 0. ™) for
30 sinutes OCCurrEd at about the fifth post operative day; the increase
seemed to be fully developed by abOut the eighth post- Operative day.

In both types of experinents nerve section and coichicine treat-

o

ment, the data shouka considerable scatter uith regard to the magnitude of

[ -

the increase {n touch- receptive fields of nerves 15'and 17; also even at
the ionger periods at which the present obs rvations were made. there .
were a few salamanders uhich did not shou ahy increase at all. '

)ln cases. in which the left (control) nerve 15 innervated hind 1imb
skin up to the level of the knee. uhile the right (operated side) nerve 15
had increased its innervation to take ig the first toe, there were

differences in-length of the field‘aTOng the main axis of the hind Vimb

of the order of 10 to 20 sm, depending on ‘the salamander. If the increase

<

fl



'
-

FIGURE 3-16

Time-course of the summed increases in the size of touch-recep-

~ tive fields of nerves 15 and 17 after section of right nerve 16 ( ¢) ang

after treating right nervé 16 with 0.1M colchicine (v) for 30 minutes.
The ordinate repreﬁen;s the differendélbetwéén the areas innervated by
right nerves. 15 and 17 minﬁs the area innervated by left nerves 15 and
17. Thelgbscissa represenfs the post-operative period in days; for _
clarity only the data up to the 15th pést;dperative day was included,

althOugh there were observations performed at longer post—oberative

periods. Although the data show a great deal of scatter it is apparent

that the earliest detectable increases in the size of touch- receptive
fields OCCurred in both cases at aboht the Sth post operative day. and

~ !
seemed to be fu]ly developed over the next 2 or 3 days. . T

Q-,r-:
r
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in t0uch-receqtive fie]ds“is-assumed to represent nerve'sprduting; the
rate of linear nerve growth would be of the order of 2 to 4 mm/day; this
assumes that the nerve fibres located at the margin of the touch-
_ recéptive fields were those which hadlgprouted into the toe.
‘Conclusion: Ihe_acu;exﬁpplgéation of colchicine solutions {0.03M
%“3gﬁo 0.1M) for 30 minutes to right nerve 16 Yeads to jncréases.in the touch-
' rrbseptivevfields of nerves‘léthnd‘17. At'&osés below 0.03M the colchicine

treatment was ineffective in this regard.

-
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m;russzm O TOUCH-RECFPTIY! aln 1Y sivnoL
: _

. mest importact findinq from the erperizens, perfomes in gn-

meratd4 salararders was the bilateral symrmetry ot touch-recept e fields
c"cqr"vscondinq pairs of nerves innervating the hind Timh. 7Tris was
;aﬁ,r.r: heth from nndlviduaI exanp]es. and from 5*a*1 ctical analysis

3
¢! the wmale group.. Therefore, any asymr@try in the touch-receptive
H i

finlds éé'pcted ih the experimental groups {cut ok_pqrchiriﬁe-treaied
nerves) could be confidently attributed to the Eonditiqns‘of‘the(experi-
ment. | |

Part of the present results confirm previous findings of Stirling
197Ca} insofar as section of nerve 16 causes a significant increase in
_the-size of .the taudh-recepfive fields of the adjacent nérves {15 snd 17)s
ner.apalysis; however, was rather qualitative'fsprOuging 6r no spr0uting).
since.her main cdncern was to establish a.correlqtion between obvious
changes Sin ;he Deripherdl.nerve fields aﬁd‘adaptive changes in the spinal
- cord.  The present work has included an investigation of the time-course
of the fidld increases. Both after nerve section or af;er‘coichicind‘
treatment the eariiest deteé;aple 1n¢rease in size of ‘touch-receptive
fields of nerves 15 and 17 o-cﬁrred by the fifth posg;QEErative day, anq_
seeﬁed to’ be complete by the eighth to the tenth post -pperative day. Since
Fﬂrpholonical changes of nerve degeneration occur several days later after
‘colchicine treatment than after nerve section (Sﬁnger and Steinberg, 1972},

it seems unlikely that the increase in touch-receptive fields observed after

colchicine treatment may be due to Hallerian degeneration provoked-by such

124
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‘féhnd that after section of thelsural nerve, the resultant Zfea_of anal-
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a treatment {see also Part V).

This increase can be attnibuied to collateral Sprouting, rather
than to'the onset of function 1n endings which existed alrendy..but Qere
non-functional. ‘(This has been qiccussed in Part 1) Collateral sprouting
is a,pnenqmenon ﬁhich_nas been_observed 15_!119 1n thé_tail fin of'tadnolcs;
in this‘experimentai mode Qg}h the Wallerian degeneration of the distal

stump of a sectioned branch, and the eventual re-innervation by sprouting

~ of adjacent ner%9 fibrgs‘cOUId be foliowed by daily microgcop3c31

examinations of the tafl fin, (Speide]. 1933, 1941}. Similar changes in
the skin fields were observed in rabbits by Weddell gg;gi. (1941) who

-

gesia gradually constricted as the fie!ds of neighbouring nerves (cibial

. and peroneal) enlarged to fill the denervated area. COnversely. the sural

nerve, this time left 1nt5ct.%incnensed its own field of innervation.

After cbction of_the surallnerQe. histological studfes showed only degen-
erating‘nerve fibres in the anesthetic are;; however, examination of those
areas uhich showed subsequent- functional recovery revealed the presence of
new fibres which had indeed penetrated into-the region.. The difference
between the functional and the neurchistological boundaries never differed
by more than 1 mm. | -

In the present studies the results after colchicine treatment were

| very mych the same as after nerve section. in that the adjacent spinal

Seghental nerves (IS and 17) increased significantly the size of their
tOuch-receptive ffelds. Since the size of the touch-receptive field of
nerve 16 on the colchicfne-treated side did not differ significantly from
that of the untreated side, or foc,that matter, from that of normal - /X

|
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. untreated salamanders, it seems thatihyper-innervation of the hind 1imb
had occurred. Later in this thesis, more evidence will be presented —_
ﬁthat no degeneration occurred in nerve 16

The results then. support the hypothesis being examined in the -
.pnesent work, namely thdt the pharmacological blockade of axoplasmic '
transport of materials can mimic the ef?etts of nerve section,and that
both treatnents result in the release of a stimulus to.edjagent nerves in
the periphery to cause them to sprout.

. In subsequent sections, the 1nterference that colchicine treatment
may produce en axdéplasmic transport of materials will be discussed in
greater detail. From the experiments Just described it is concluded that
1nsofar.as touch-receptive fields are concerned, the effects of an acute
treatment by colchicine solutibn closely mimic those of nerve section
with regard to the increase in the size of skin fields of neighbouring

nerves.



Part IV | "MOTOR FIELDS IN HIND LIMS

This section will describe experiments on the mapping,gf motor
fields of spinal.nervés 15, 16.and 17. The observations were made in the
following gkOups of*SiT&manders: (1) normal (unoperated}, (2) those yith
previous section of right nerve 16; aﬁ;i(3) those in which right nerve 16
had been treated with colchicine solutifons, Fbr each group individual

_experiments will be presénted first, followed by 2 statistical analysis

of results from the whole group.
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2. Procedure for mapping the motor fields

Part 1V-A METHODS. OF HAPPING.THE HOTOR FIELDS. IN HIND LIMB

it

1. Operative procedures

The latter were 1dentica1'td those described in Part I11-A. After

S

the touch receptive fields were mapped, the hind 1imbs were skinned,

nerves 15, 16 and 17 were electricall stimuidteg. and electromyégrams

(EMG) were regprded (see below).

A concentric needle electrpde was manfipulated by hand, the hind
Tzb was observed'throdgh a djgsecting microscope, and the tip of the
eléctrode was used Eo explore several points on the Syrface’ofeéch muscle
group (see below) in order to asress uhether‘orlnot-eiectrical stimulation
of the nerve'trunk‘provoked.ah electrical response in it (see below). -
Such muscle reSpénse was monitored by means of a loudspeaker, or look{ng‘

at the screen of the storage CRO; tﬁe‘exploration=of the 7 muscles took

"about 5 minutes for each nerve trunk Usually the response was obtained

froo the uhole surface of the mu5c1e group, and its morphology and magni-
tude did not vary significantly from one point to another in the same

muscle group. In some cases the response could be detected over one third

~or half of the muscle. but not ‘over the rest of. 1;. this was more frequent

fn muscles Tike AT2 or AF2 which had two bellies. Changes in the morph-
ology and magnitude of the EMG of different-buscle grqups were read11y
noticeable, the latter changes prbduced distinct sounds-in ghe_iOUdspeagér.

E I . . o~
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3. Muscle groups sampled in hinq 1imb i

Seven clearly distinguished muscle groups were tinely sampled,
al) easily accessible from the dorsal surface. Six of these—muscles

" were dorsal and.one ventral;. the nomenclature proposed by Stirling

{1970a) uas"used. and the muscle gr0ug}§‘re illustrated in Figure 4-1.
Each individual muscle group w&% counted as.one unit of muscle

innervatinn field; density of 1nnervationgof indiviéual muscle grOups

*or of individual muscle ‘fibres could not be measured with the extra-

cellylar recording techniques used.

4. Stimulating and recording techniques

For electrical stisulation the nerve waé‘mounted on a pair of plat-
inunjgire electrodes which were connected to the output of an isolated
stimulator (Devices, Mark IV).‘ The EHG'from.the muscles were recorded
with a _concentric needle elecirode whose tip abutted neatly on the muscle
~surface. This electrode was connected to a filter device whose frequency
limits were set at 150 Hz-10 tz. The signals were amplified and dis-,
played on a Tektronix 5103 storage oscilloscope_(CRO) and_relayed through
3 loudspeaker to monftor those signals. USuall} a gain of 50 pV/cm on
. the CRO screen, and a sweep rate of 5 msec/cm were used. Pulses‘derived
from a crystal controlled puise generator (Digitimer) were used to trigger
the CRO; such & pulse occurred at the beginning of euch cycle of stimula-
tion. ()ﬁg) and originated from ‘the first unit of the pulse generator,
uhose second unit was usqdy to drive the {solated stimutator, usually with
a delay of 5 msec with respect to the beginning of the cycle (see Figure

4.2). Rectangular monophasic stimulating pulsés (50 usec, up to 3.0

]

-
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FIGURE 4-1

8

Musclecgroups which were sampled in salamander hind timb.
S&!amander!s head uould“bé*991tﬁéxright-hsnd side of the drawing. The
aumbers from 1 to 7 idennf} the fo]:louihg m;__clé groups: 1= AT1, .
ﬁnterior thigh 1 - adducts an&’elevites the i}mb; 2 - AT2, anterior
thigh-z - elevates the limb: 3 - AT3, anterfor thigh 3 - flexes knee, .
and e1evatgs limb; &4 - Vf. ventra] flexor - flexes l1imb at hip, flexes
knee and ank1e;‘ S - AF1, ankle flexor l‘; ankle dorsi-flexion and
promotion; 6/--AF2, ankle,flé;or 2 - ankle dorsi-flexion, toe ex}ensor;

7 - AF3, ankle flexor 3 - ankle d6=§1:f1exion. toe extensor.

—
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FIGURE 4-2.

This diagram represents the connections betweeﬁ the several °
cozponents of the set-up used for the motor mpping‘exper.imnts. The
crystal controlled pulse.génerator was used. to trigger the oscilloscope
_(CRO). and the 1solatet-! electrical stimylator (Stimlag.). ANl

"apparatus were grounded to a common point. ]
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part IV-B RESULTS

1. Typica] exarp]e of a motor mapping experiment

The fol1ow1ng examp]e is taken from an unoperated salamander.
'-Figure -3A shows that a sub-thresho]d electrica? stimulus (0.9 volt)
'app11ed to nerve 17 did not evoke any response” at a11 (muscle AT3 trace

| is shoun in Figure 4-3A), but a’ slightly stronger pu]se (] 05 volt) was
\

just above threshold and evoked a small response on AT3;. the response E—

\
i

was maximal uith a pulse of 2.5 volts. *The EMG had 2 latency of 3.3 msec
and an amplftude of 75 pvo]ts when the stimu1us‘was near threshold, and
.of 1. 6 nsec and 300 pvolts respectively when the stimulus was supra2
threshold - o ' ' "i I S N
Figure 4-38 jllustrates the observations made when nerve 15 uas_'
stinulated'with 5 pulse of. 50 psec and 3.0 vo]ts delivered ati1 Hz. It
- is apparent from the above figure that musc]e groups ATl (trace B-i),
AT2 (trace B- ii}. and AFl (trace B- iii) gave a clear response, which dig
not 'increase with further stiwulus strengths. f.e. these were the maximal
responses. From VF (trace 8- 1v) no response was evoked nor from the
other .cuscle groups (ATB AFZ _AF3). ‘Nerve 15 thus 1nnervated only muscle
groups AT1, AT2 and AFI In-the drauings. which will be presented subse-
Quently, the muscle groups which responded to the electrical stimulation
e L

of the nerge are ripzesented by a shaded area. and mUscles which remained

silent are unshaded

2. Hotor fields in hind 1imb of unoperated salamanders -

. {a) Individual examp}es' The results of the electrophysio]ogical
. N . ) ‘ | 1‘3'3 . .



: FIGURE_4-3

A: ElectrOmyograms recorded from muscle group AI3 when nerve 17 was
 stimulated w1th electrical pu]ses of different strengths Record n('ﬁ:
shous the trace the electrical stimuius wa's subthreshpld- A(ii)'shows .
" the response to K stimulus of 1.05 volt, 50 psec, de}ivered at Hz wh1cF
was slightly above threshold A{ii1) shows the maximal response of AT3
obtained with a_supra-thféshold electrical stimlus to the nerve_of 2.5
voTt“and_SO psec. - 7  E : o .
B. Electromyograms recorded from several muscle -groups when nerve 15 was .
‘stimulated with supra- threshoid electrical stimu!us..(3 0 volt, 50 TR1:44

‘g !
1 Hz), which evoked 2 maxlmal response from all those nuscle grOups

innervated by that nerve. Three muscle groups &ATI..ATZ and AF1) showed
an unambiguous electricat~fesponse with a.Helay'of about. 4 msec after-éirwé
15 stimu]ation. but VF did nat- i.e. the first 3 muscle groups uérg.talen
as being innervated by nerye 15 but not VF The renéining nuscIé grodc;
- (AT3, AFZ and AF3) ‘were not innervated by nerve 15 in thi$)part1CUlar |

example. Calibration marks apply to all traceS*rand Jndicate 50 pvol"

(vertical) and 5.msec (horizontal) nArrows ‘show the moment of applicatlon '

-

of stimulus,






tay "match® that of its motor field: similar observations were made in ;

"¢, salamandra by Stirling (19708). This posvsib'i'lity has not been

- ' ' | , 136
. < oL, ' i . . o
~apping 6f motor fields from two salamanders will be presented (sala-

it
canders 'il and H3). - -
salamander Nl:- The resu]ts from this experiment (Figure 4- 41} showed

that the right nerve 15 innervated all 7 muscle groups that were sampled,

aﬁe left ne%ve 15 jnnervated 6 of them. Nerve 16 innervated all 7

suscles on each side, as did nerve 17.

Jdt is apperent from this example that the number of muscle groups
v
that are innervated on each side by a given nerve is almost identical,

other words'the‘reSults showed a high degree of bi]atera] symmetry of -

‘=otor fields of the whole nervesm

© Salarmander N3:- The rosylts from this experiment are given in Figure

i- 4ii and show that nerve 15 did not innervate any of the 7 muscles

sanpied In cases like this it was usuai to observe that muscies of the

body wal] and of the undersidg of- the hind limb twitched when the nerve

s stimulated Nerve 16 innervated ali 7 sampled muscles %n each side, a

diy_ nen}e 17.

*

It may be noted that thié §a1amander (N3) had a touch-receptive .

field of nerve 15 that finished at the leve! of the irist and did not inner-

- vate any toe, which suggests that the size of the touch- receptive field

o

.2 '

specially investigated in these experiments, though“on an approx imate basis

it seemed to be'supbdrted. The principal feature of these results from
notral aniﬁgg;’;; the high degree of bilaterai sywmetry‘of the'motor fields

of innervation of a given pair of nerves.

5.




FIGURE 4-8

Motor fields of innervation in salamander hind 1 imby. (1) Unoper-

‘ated salamander (N-1}: in this example each'nuscle group was innervate:

by all three spinal segmental nerves (15, 16 and 17)'except for WUSC]E

grOups AF3 which was not 1nnervated by nerve 15 on the right side It
is apparent from this example that there is a great amount of overlap 1n

the motor fields of innervation of the above nerves, and more 1rportanr('

,' -

such motor fields of innervation are basical?y bilaterally syvumtr1ca- Y
This was confirmed by the statistical analysis of the"iﬁole grOup (see k)
text) (11) Unoperated salamander (N-3): in this example nerve 15 did

not innervate any Qj}%he 7 tuscles which were sampled; however, nuscies'

from the underszde of hind 11mb and .from the abdominal wal] ue%e%observeﬂ

—— —

to twitch when the nerve 15 was stinulated Merves 16 and-l? innervated
4

_al} 7 muscles on both'sides. As with the previous example (N 1), the ra:r

feature of the paitgrn of motor innervatfon of hind 1imb ys its bilatera!

'symmetry; (iii)'Salqhander (16-115) whose right nerve 16 was cut and tied

16 dais before the mapping experiment was performed. Note that the contrc!
or left nerve 15 did not 1nnérvate any of the 7 muscle groups\which were
sampled, while rigﬁt nerve 15 innervéted AT1; the motor field aof righf
nerve 16 was cbmgletely eliminated, and right nerve lé-appeared to\ have
taken over one';;tra muscle grouﬁ (ATI); These findingé suggest thai nerves
15 and 17 may have increased the size 6f their motor fields of iﬁnervat;on ‘
after paftial denervation of hind limb. = (iv) Saiamand;; C-57) whose right
nerve 16 was treated with 0.1M coléhicine for 30 minutes, 14 days before

r

S



the mapping experiment was performéd. Note that right nerve 15 inner-

vated 3 muscle groups more than the left nerve 15; such a difference :r

the number of musclé groups innervated by a givéﬁAEair of nerves was -

never observed in unoperated salamanders. MNerves 16 and 17 showed a

difference of 1 musc1e group when cowpared with the respective nerves o

the left s1de._ 5uch dtfferences were occas1ona11y ohserved in norral

unoperated salamanders. The above findings strongly;%gggest that nérve

15 had certainly increased its motor field of innervation, while the
. | ‘ ;
other changes were within normal range of variations observed in the

r

r

pattern of muscle innervation fn the hind limb of salazarders.  Ip all

fi
drawings head or anterior end of salamander is at right side of the

\ ‘
picture; -hatchlng indicates muscles innervated by corresponding nerves,

L and R 1nd1cate left and right h1nd 1imbs respectively. the bér below

-

the draw1ngs 1nd1cates 10 mm.
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{b) Analysis of the norﬁal motor fields: The stati;tical methods
used were sfhjlar to those described 1n_£he previous section on touch-
receptive fields." The’grOup analyzed includes the seme 12 healthy
gnoperated salamenders.

The results showed: (1) the difference in the number of muscle
groups 1nnervated by right and left nerve 15 uae -0.58 + 0.16 (average +
?EH).- this difference was not statistically significantc(levelrof sig--
nificahce P » 0.05) which indicates that the motor fields of nerve 15 were
pilatera\ly symmetrical; (2) in every case nerve 16- innervated all 7
-uscles on each side. and therefore the right and left motor fields were |
identical and obviOusly hilateraily symnetrical {3j the corresponding
“reSulty here were that the difference between the right and left motor

fields of nerve 17 was -0.08 ¢ 0 20 {average * SEM); this difference wWas
_not significant {tevel of sigquicance P> 0.05), and as yith nerves 15
and 16 the motor fields were bilaterally syﬂnefri;al.

Conclusion Thé conclusion then ‘is that any significant asyrmetry
of -uscle fields found in subsequent groups of experimental animals can be
confidently attributed to the c0nditions Q{\the experiment. In this
~regard the sttuation resembles that of the sensory fields.

~
(¢) Experirents performed i healthy uynoperated salamanders which were

treated with Nystatin: 1t has been mentioned previously (see section on

Antmal Husbandry). that some salamanders presented a fungal disease which
‘was treated with'nystatin-o1ntment. in order to test uhether or not this
therapeutic procedure provoked a change in the peripheral fields df {nner-
vation of the hind 1imb, a group of 5 healthy salamandere was treated daily

by rubbingfihe right hind 1imb with Nystatin ‘ointment during one week, and
LA s .

)

-~



141

subseQuently a mapping of the peripheral fields of innervation was per-
formed in 3 simitar way as described previOusiy The data from this
group is shown in Table 4-1. 1t shows that the treatment 'did not 51gnifi-
cantly affect the peripherai fields of innervation; which were bilaterally
sy1netric§? and within the normal range. In order to increase the size
af -the control‘sample. for comparison with results from other experiments.
the data from healthy ynoperated salamanders and the data from Nystatin-
treated, hedlthy unoperated salamanders were pooled (Table 4- 1). and] -
henceforth the_fe5uits from :Engperated“ salamanders refers to this pooled

data.

(d) On_the size of the motor field of innervation: “The experiments

\gpcesented aboye have shoun that alth0ugh a given pair of the spinal nerves
.15, 16 and 17 innervate ainost the same muscie gr0ups on both-sides, the
rooser of ruscle grodps innervated varies from one animal to another.
uith the ain of measuring this yariation, the average (+ SEM) of the nem-
ber of muscle groups innervated by each nerve trunk was ca]cuiated Tnat:

* 4ata is presented in Figure 4-5.. These data show that nerve 16 had the
iargestﬁnotor field of innervation, and app#oxinateiy its field comprised
all 7 ruscles, nerve 15 had the smallest motor field of innervation
{about 3 muscles on each side). It fis inportant to note that the average
of the number of muscie groups innervated by a given pair of nerves was
very similar, which indicates a bilateral symmetry in the pa'tern of hind
limb fnnervation. The differences between such averages were not stat-

~{stically significant (1evel of significance Py 0. 05}/ .
The .frequency with uhich 2 given spinal nerve trunk innervated ‘each

of the 7 muscle groups was also investigated. These date are presented in

~
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" tumber of muscle gr0up§\1nhervatéh by ftght (R) a"d.quF () -+ T
spinal seipénial nerves 15, 16 and 17 in unop"erated "salamanders.(n = 17).

~ The height of the bar represents-the average (+ SEM) of the numper of

ruscle ~groups 1nnervated'by each nerve. The\Eifference between each

pair of average. va1ues was not statist1ca11y significant (1evel .of.

.‘Significance P>» 0.05). It is apparent from this histogrfam that the

smallest motor field was that of nerve 15, and the largest that of nerve |

L

16, and that for a given pair of nerves ‘the motor fields of ‘innervation

were bilaterally symmetrical. _ ) “ - Yy

|
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TABLE 4-1
- -~
DIFFERENCE 1N THE NUMBER OF MUSCLE GROUPS INNERVATED BY A GIVEN PAIR OF
NERVES (RIGHT MINUS LEFT)
Group Nerve 15 _ Nerve 16 Nerve 17
Unoperaiéd. o © -0.58 . 0.0 -0.08
(n = 12) . *0.16 +0.0 +0.20
Nystatin-treated:  0.20 -0.20 0.00
(n = 5) , +0.42 +0.22 | $0.35
Poaled data .-0.35 . 0.06 ~  -0.06 ° - SN
{n = 17) -, 30.18 +0.24 - +0.16 , L

-

The values gjﬁen are the average (1_SEH) of\thé'abqve.difference.
The group comprises 12 healthy gnoperated salamanders and 5 healthy
unoperated salamanders treated daily with Nystatin ointment (100,000 usP/
per gr} for 7 days before the mapping experiments. The differences were;

“

! . i -
not statistically significant {level of significance P > 0.05).
. B NN ' ' ,
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Figure. 4-6. These data showed that the muscles.more frequently inner-

vated by nerve 15 were the more anterior muscle Qroups (AT, AT2 andrAFl).

Nerve 16 innervated approximately ‘the 7 muscles in every case. Nerve 17

innervated more freQuently the more caudal’ muscle groups (AT2, AT3, AFZ,

e

AF3 and yF). 1t is important to note that the freQuency distribution for

the musclé groups innervated by a given pair of nerves was very similar

which indicates a bilateral symmetry in the pattern of innervation of hind

" licb. _ -

.Conclusion: The difference between the number of muscle groups
innervated by a c0rresponding pair of nerves was not : statistically signifi-
cant; neither the differance betueen—the average number of muscle groups
innervated by right and left cdrrespoqding nerves_in normal salamanders.
Also, the frequency distribution of muicle groups innervated by such nerves

waslyery similar on \both sides. These‘findings are evidence of bilateral

« symmetry’ in the mot fields of innervation in ungperated'salamanders.

3. Salamanders with 16 nerve cut

(a)’lndividualkexAm@le: The data from the same salamander which was

presented in Part lII-B—j will be presented here. i.e. salamander 16-115.

" The mapping was performed in the lﬁth post-operative day, this salannnder

showed some behavioural recovery at the time of the experiment. The
results of the motar mapping are presented in Figure 4-41i1, and show that
after complete el imination of motor fields of right nerve 16, the adjacent

nerves (15 and 17) had apparently fncreased the size of their motor fields

: by one muscle group.

~(b) Analysis of the difference betueen right and left motor fields

N
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FIGURE 4-6

—————

Freqdency with which each of the muscle groups sampled in the
_hind 1imb of salamander was innervated by (1:) nerve 15, (11) nerve 16,

F

and (ifi) nerve 17, in a g}oup of 17 unoperated iélamAqdersﬂ, 100% feansﬂaff
in all 17 sa;amanders a given muscle grouﬁ was innervated by one of those
:nnerves. It is apparent froﬁ these hiﬁtograms that nerve 15 innervaied =
the more anterior muscle groups. (AT1, AT2 and AFl) in a higher percentase
of cases. Herﬁg%IG innervated all 7 muscies in almost every instance.
Nerye 17 -innervated always the more caudal muscle groups (ATé. AT2, AFE.E
AF3, and yF). Mote that the frequency distribution for'Eoth sides ~S¢1?M
| almost jdéntical. The first column of each pair represents the righ£

iside. and the second one the left. >

Y

L )

lq'\‘
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afte tection of right nerve 16 The present'group included 30 sa]amanders

which were napped during a period ranging from the 7th to the 28th post- "
operative day. In all of these salamanders the right nerve 16 did not
{nnervate any muscle group at the time of mapping. while the left -one
innervated 6. 53 + 0 02 (average +. SEM) muscle groups. the latter value was

not statisticaliy different (Tevel of significance P > 0 05). from the

average of muscle groups/innervated by the 1eft 16 nerve in unoperated

salananders Thus the surgical procedure had succeeded ‘in totally
a

eliminating the 16th nerve innervation of all @uscles sampled in these

o~

experirents

~

. The data concerning changes in the size of motor fields of nerves
15 and 17 after section of nerve 16 is assembled in Tab]e 4-2 and Figure
47, 1t I apparent that both nerve 15/and 17 had significantly

" Yncreased their motor fie]ds of innervation. the increase is attributed C

~ 4 -

to col]atera] sprouting for the reason which will be discussed iater

[~

4. Salamanders with coichicine treated ‘nerves

(a) Individual experimentS' The same salamanders whose touch receptive

fields were presehted in Part III B 4 will be presented here.

Salamander C-57:- Right nerve 16 was treated uith 0.1M coichicine 14 days

previously to the mapping experiment. Right nerve 15 innervated 3 muscle
grdups'more than the left one (Figure 474iv), such a very large differ-
ence‘uas never‘obsenved in'unoperated salamanders. Right'nerve 16_inner-

- vated one muscle‘group.more{than left nerve 16, and right nerve 17 inner-
vated also one muscle group more than the 1eft one. These resuits strong]y .

SUQQESt that right nerve 15 had increased the size of its motor field, but

a Ko

ez ] *
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Changes in the motor fields of h1nd 11mb nerves produced by

section of right nerve 16

Each coiumn represents the average (+ SEM)

of the difference of numﬁer of muscle groups 1nnervat\3 by the right

side minus those of the left.side‘for each pair of nerves,

" the respective number 15, 16 and 17

indicated by ** P <0.0].

_had increased its motor field of 1nnervation

1ndicated by

Significancé of the difference is

Positive values indicate that the right side ’

The broken line 1nd1cates

that the motor field of right nerve 16 had disappeared comp]etely and

‘only that of left nerve 16 was present.

" The results are from 30 sa]a-

ﬂﬂnders-uhich_underuént section qf'right nerve 16 seven to 28 days S

D?t:jOusly.'
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4 ’ . TABLE 4-2 - f B
CHA.'!'GES [N THE S1ZE OF MOTOR H/EiBS OF NERVES 15 and 17 AFTER COMPLETE | <

ELIMINATION OF MOTOR FIELDS OF RIGHT NERVE 16

Nerve . Difference (ﬁ-L)

__“; | e T - 15 o 0.40 + 0.13*> . . .). '—"['
s - '
0.0 01

The values given are the average (+ SEM) of the difference in the . "o
.number of muscle groups .innervated by a given pair of nerves {right side
minus left). Number of experiments was 30. The P values indicate that

-

. ve  the right 15th and 17th nerves had increased their motor fields of inner-

vation significantly as a consequence of the elimination of nerve 16,7 to

28 days previously. Significance of difference is indicated by ** P-<0.01.

Al

1
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the changes observed in nerve 16 and 17 are within the range of normal S
varidbility of motor innervation of hind 1imb.

(b) Analysis of the difference between right and 1eft motor fields '

after treating_right nerve 16 with colchicine: The reSuits of the ex-

3

perinents to -be presented include the same groups of” saiamanders presented“

in the section 0n t0uch receptive field changes after treating right nerve

16 uith colchicine (Part 111-B-4); the details concern\hg dose number of

,experiments. and duration of the post-operative pertod were exactly as

~described there. - .

The data.concerning the changes'in size of motor fields of inner- o
vation after Such co]chicine treatment are assembled in Figure 4-8. It is

apparent that the number of muscle groups innervated by a given pair of

nerves after treating right nerve 16 with colchicine solutions (0.025M to v

0.1M) for 30 minutes was not statistically significant (1evel of signifi-

i

cance P = 0.05; right minus ieft), i.e. such treatment did not provoke .
any change fn the bilateral symmetry of the motor fields.of innervation,
insofar. as number of muscles innervated by a given pair of nerves is con-

-

cerned. It shouid be noted. however that the smallest difference that

could‘be detected with the technique used here was one whole muscle,. which

is a rather-gross unit of measurement; more subtle changes such 33:a
change in density of,innervationrof a given muscle, even if it were
massive, and detected. were not included in the present data.
Conclusfon: Although the resuits in some fndividual cases
strongly suggested that after treAting right nerve 16 with colchicine
soclutions there was an fncrease in the number of muscles innervated by

nerves 15 and 17 on the treated si?e. such changes were not statisticaliy

ki

. :
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significant for the whole group (level of significance P )i_' 0.05). e
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e N FIGURE 4-8

-

Changes intthe mctor fields of hind limb'nerves after treatinrg
right nerve 16 with colchicine solutions (0.025M to 0.1M) for 30 minutes,
as described in Methods. Each column represents the average (+ SEH} of
the differeﬁce of the number of muscle groups innervéted by the ri§ht

‘stde minus the left side for each pair of nerves indicated by the res-

; pective numbers 15, 16 and 17. Group (a) cor?esponds to the control or

P

amphibian Ringer-treated sa amanﬁers {n = 6), (b) to salamanders trgrie:
with 0.025M colchicine (n = 3), (c) 0.03M colchicine {n = 11}, {d) 0.cav

colchjcine (n = 7), and (e) 0.1M colchicine (n - 21). None of the chanjes

. were statistically significant (level of significance P> 0.05); the

J il o

broken lines indicate that the ‘averdge and the SEM had a value of zero.

- _The”posf40pefative periods range from 7 to 28 days.
: . A : _
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part IV-C DISCUSSIO% ON MOTOR FIELDS o | .

A n the case of the skin field (see Part 111-C), a mosi impor-
tant find}ng in these studies was the bilateral sywuetry of the motor
fields of corresponding nerves (15 16 and 17) in unoperated salamanders
Therefore, any change in the bitateral sywn?try of motor ftelds could be

attributed ﬁo the expérimenta] procedure performed on the trepied side,

-

+

eithef nerve section or acute application of colchicine.

After complete elimination of the motor fiéld of nerve 16, the
adJacent nerves (15 and 17) significantly 1ncreased t e size of their motor
fields of 1nnervatf/d As was discussed 1n Part I, the latter increase
c0uld be gxplained efither by.(l) ;ollateral sprOuting of undamaged axons,
or {2) thé emergenée of function 16 pre-existing %Q:?inils at endplates,
which were morpho1ogica11y normal but ‘otherwise functignless. The redsons
for accepting the first 1nterpretation have been mentioned and it seems -
“necessary here only to refer to direct histological demonstration; of 1ts-A
occurrence 1n partially denervated hind 1imb muscles of rats (Edds, 1950,
1953 Hoffman, 1950). in the rat septal nuclei (Raisman, 1969; Hoore et

, 1971), and tn the central processes of the dorsal spinal ganglia L7
in cats (Liu and Chambers. 1958)
. After colchicine treatment of nerve 16 some individual experiments
tf0n91y suggested that a genuine increase in motor field of nerve 15 had
occurred. However, the change for the uhole group was not statisticalLi
51901f1C6nt (level of significance P 2 0.05). In that' respect, there are

certain points in the pa;tern\of'innervdtion of salamander muscle cells

) 3
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L /
which deserve consideraticn. The type of 1nnerept10n is intermediate
between that of slow and fast type of muscte. and each musct cell
receives 6 to 8 nerve endings which disp1ey a variety of morphological
features. it seems probable thatasalamander muscle cells Lay'be poly-"
neyronally as well as mltiply-innervated (Tiegs, '1953; Harks etal.
1966) . : - - , ' \\

The problem then is that an idcrease in motor fields could occde
which would not de detected in the present experiments; these reQuired
that a whole muscle uhich was previously not 1nnervated would become
innervated td be scored as an fncrease. Assume that a single 1dentified
ruscle had 100 muscle.celis.,that tt- s innervated by 2 spinal segmental
nerves, andAthat each nerve innervated exclusiee!}’loﬁ-of the mu;cle cells,
while the remaining 80% were innervated by both nerves. After section of
one of the nerves 10% of nuscle cel]s would be totally denervated while
- B0 would be pgrtibi]y.denervated. If the remaining nerve took over the
derervated ter?itor; a'coﬁsiderabie increase fn its density of innervation
uculd‘have occurred, but the size of-itg motoc-field would have increased
by 3 mere 10%; - 1n‘any'eveht. this uou]d)not be détected in the present
expericents. Further expecimehts.on density of innervation after either °
nerve sectidn or colchicine treatment .of nerve lﬁ'ere in progress in this

laboratory.
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YPart V. WAS COLCHICINE EFFECTIQE BECAUSE 'IT CAUSED NERVE DEGENERATIOH?
“iS order to assess whether o; not the acyte application of colchi-
cine solu ions'used‘in these experiments paused nerve degeneration,
: nerves expo$ed in the standard way described 1n‘Hethods were studied both -
electrophysiologically and morphological]y'i4 days after treatment, and

coopared with untreated nerves, usually from the sare animal.

156 .. | X




Part V-A METHODS

1. Electrophysiological experiments

A _group of 3 salamanders were takenv in each of uhich nerve 16 on
the right side was treated with 0 05M colchicine for 30 ninutes in the
usual way; 14 days later both nerves 16 were dissected from a point near
the vertebral column up to the level of the knee, removed and set up jn a
chamber which has been described in Part 11-8;3. fhe prOximel end of -
the nerve trunk was stimulated with an electrical pulse (50 psec, up to
3:0 volts, 1 Hz} and the compoend actdon potential recorded from the
distal end. Another pair of nerves, usually nerve 1S, were dissected as
above, and studied in a similer way. Latency, ti@e;fo peak amplitude, -

and peak amplitude were measuged from each compound action potential.

For co&parison. 3 salamanders in which right nerve 16 was cut ‘. )

14 days previously were studied in a similar fashion as above.

i S
—

. N
2. Morphological studies

-.(a) Operative procedures* These were similar to those described pre-

viously (Part I1-B- 3). lhis group 1nc1u&ed 16 salamanders in which thé
right nerve 16 was treated with co!chiclne sdlutjpns (0.025M4 to O'IH), .
and 4 in which right nerve 16 was cut and tied: The ;alamanders were
allowed to recover, and at either tee 3rd or 14th po;t-operative day,
they were re-anesthetized, and segmentsrof both nerves 16 which included

the treated region and a few rm distal to it were removed and processed’

efther for Tight - microscopical or ultraStructura! studieg as detailed

».
.o"
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. . .
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below.

—

(b) Light microscopy studies. Histo]ogical techniques: The nerve

segnent (see above) was placed in a’smal1 flask containing about 5 61 of
3% g]utaraldehyde in 0 2M cacpdylate buffer (pH 7. 3) for 2 hours, and
then post- fixé;-in Da}fon 's chrome-osmium fixative (2% 0504. pH 7.2).

The specimen was embedded in Spurr epoxy resin and 1 to 2 u thick cross
" sections were cut. The sections thus obtained were stained with 1%

e
tolutdene - blue in . 17 borax, mounted and covered with a. c0versl1de.

(e} Electrod%icroscopical studies: Nerves were fixed and embedded
as above. Tﬁen ultrathin “silver™ sections were cut using a Reichter
nicrotome with & diémong Fife, and subseQUéntly stained in 25% methanol
uranyl acetate (5 minutes) followed by Reynold’'s lead citrate {for further
. details see Kay, 1965), and examined with a Philiips 300 electronmicro-

© N

scope. e
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Part V-8 RESULTS = .- <

1. Electrophysiological studies

Table 5-1 summarizes the data concerning the effects that treating
nerve 16 with 0.05M colchicipe may have on the compound action potential,
as studied on the 14th post-operative day. Such date indicate that - _
colchicine treatment did not reiult in aqy'deleter50us.effect on condue4
tion velocity of compound action poteﬁtials nor on the peak amplitude at,
the 14th post- operative day. ) Figure 5-1 i]lustrates.the results from
one of the experiments nresented above .’ . _

For comparison, a group of 3 salamauders which had undergone
section of right nerve 16.14 days prev10us]y. were studied in an
‘identical way as the prev1ous groug which was treated with 0.05M colch1
cine. It was found. that stimulatfng electrically right nerve 16
(se&tionédf'did not evoke any~60mpoun¢ action petential at all, while
the contralateral nerve 16 did ‘

.Two more salamanders were treated with 0.1M colchicine and
studied as the group presented above; the nerves conducted apparently
normdlly impulses, but the number in the group was too small and the
‘ ‘scatter of the data too nide to Justify a statistical ana]ysis The im-
portant point however, fs that such nerve trunks propagated compound
action potentials uhich certainly fel] within the normal limits of vari-
ability. -
| Conclusions

The chronic exberiments showed that‘0.05H1c01ch1c1ne did not pro-

LT,
o~ N
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FIGURE 5-1

Effect of treating right nerve 16 with 0.5M colchicine for 39 -
utes (see.Methods) oh”the compound action potential recorded on the :i:-
pbsi-operative day. Record (a) shows.tﬁe superimposéd irgces of thé nn--
" pound action potentials from colchicine-treated {right négve 16) and
untredted nérQes (le‘t 18). Record (b) shows the 'gperimposed traces fr--
;nothéerair of nerves, both untreated._takep from the s;me saiamdnder.
These;f%ndings fndicate that colchicine treatment did not produce a
detectable decrease in the pe%k amplitude of the‘compouhd actibn potent::
of right nerve 16, which makes Lnlikelx‘the possibiliti that Suéh a
treatinent may héve caused Wallérian degeneration in the colchiéine-treatéq
terve fibres. The arrows Endgcate fhe time when the electrical stirulus w23

applied. .Calibratia::na%ks indicate 0.5 mvolt (vertical) and 0.5 msec

ut

(horizonta1).
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. TABLE 5-1°'
. N o
EFFECT OF ACUTE APPLICATION OF COLCHICINE

ON COMPOUND ACTION POTENTIAL

LNy
Nerve Laténcy: -~ Time to peak ‘Peak ‘amplitude
(msec) (msec) - (mv)
Right 16 (treated) ~0.17 # 0.02 0.‘-45 + 0.04 2.21+0.4 7
- Left 16 (untreated) .- 0.17 + 0.01+ * -0.42 +'0.03, 2.38 + 0.22
" Right 15.(untreated) :0.18 £0.01  0.89 +.0.07 - °3.66%0.73
Left 15 (untreated)  0.16 + 0.02  0.46°+ 0.04 4.36 + 0.69 T
L. : . p . 2. . 3
— B N -
tach va1ue represents*the average (+ SEM) of observat1ons perfor-

~ med on nerves taken from 3 salamanders which had rece1ved 0.05M colchi-

cine on right nerve 16 ld days previously ‘The difference between each
pair of values (right VS, Ieft) of the latency. time to peak amp1itude._ -
and peak amp]itude of comp0und action potential of the nerves, was not

statist1ca11y s#gnificant (1eve1 of sugnificance P> 0.05).

'._-J ‘ . %, ‘
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voke any deleterious effect on the conduction of comp0und action poten-
tials, as studied on the 14th post-operative day; a decrease of the i
anplitude of compound action potential on the treated nerves would have
indicated a severe Joss of nerve fibres, probably due to Nal]erian
degeneration. The extreme case w0uld be analogdus to nerve section, in /"
which no action potentials at all were recorded from such degenerated.

nerves.

2. Light microscopical studies

g

(a) Control or untreated nerves (Figure 5- 2}): Hyeiin sheaths, were

Jgserved as . structures of a deep blue colour (biack in the photographs)
Hhich had rather unysuatl shapgs, specially the small myeiinated fibres; _-ﬂ”',h
this contrasts sharp]y with. the-ratner uniformly c1rcular cross ~-sections I

of myeiinated fibres which are uSualix pictured for mammalian myelinated T
fibres- see for examp]e Figures 29 3dnd 50 from Peters et,al. (1970)
'Figures 9 to 14 from Haximow and Bloom ( 961)." Schwann celis c0uld be
easily identified and had a large. irregularly shaped nucleus with some
chronatin ciumping uhich stained 'more deeply than the nuc]eop]asm the
cytoplasm of Schwann cells was scant and had a fa1nt blue colour. The . .
' d!OPiasn aDpeared as a materidl with a faint blue -colour, but cell mefm-
fbranes could not be resolved in these specimens. e ',

'

(b) Three days after nerve section:” There were a few fibres in which

the axons looked somewhat shrunken, spécially in larger fibreSg it ‘ N
appeared to be a slight increase in the number of Schwann cells, but

. . . ! .
counts: of Schwann-cells were not performed; otherwise the microscopic

‘appearances did not seem td differ from those observed in control nerves.

.
-

\ N
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(c) Fourteen daxs after nerve section (Figure 5-3}): Advanced de-

generat1ve changes were obvious. Myelin sheaths in most.cases had
collapsed; in’those axons in which myelin sheaths resembled normal ones,
the axoplasm was either shtunken or filled with vacuoles: these_changes
departed considerably from the histological picture of the control nerve
(cembare Figures 5-2 and 5-3). o o |

(d) Nerve 3 days after colchicine treatment These nerves did not = -
g

differ cons1derably'from untreated ones ‘ ;

{e) Nerve 14 days*after colch1c1ne treatment (Figure 5-4): The histo-

J

logical picture of a colchicine treated nerve (14 days) looked very much

the same as that of an untreated;herve. Schwann cells appeared to be ‘

more frequen® in the colchicine-treated‘nefye than in the control one
[(compare Figures's-z and 5-4); but c0unts,pf‘5chwann cells were not'per;-
formed. It 1s obvious that colchicine treatment did not caiise any of the

. degenerative changes which were found(ﬂn nerves cut 14 days prev1ously

(compare Figures 5-3 and 5-4). Only-in two cases out of 16 did colch1c1ne A\Sb

_ treatment (0.1M) provoke signs of degeneration such as breakdown of

myelin sheaths and hypertrophy of Schwann cells.

.

?. UTtrastfucturaI studies.

The ultrastructural studles that will be presented here were per-
formed 14 days after either nerve section or colchic:ne treatment since
the light microscopical studies showed that at thatt1me Ha]ler1an
degeneration was: well established in ect1oned nerves. .

{(a) Control nerves: Axons with cross sectional shapes like those ob-

senved with light microscopy were also seen in 1ow,pouer (-5700X)

/ 7
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electron micrographs. 'The axonal memorane and myelin Iamefﬂae wﬁith had

a regular spacing could be resolved. Inside.the axon m)tochondria,

~

~ /
nicrotubules. neurofilaments, and profa]es of smooth ‘endoplasmic reticu-’
o N

lum were observed. The Schwann cell cytoplasm appeared to be more
electron dense than the axoplasm a few uomyelmnated fibres could be.

seen in the low power e1ectron m1crograph Csee Figures %-5 and 5-6).

(b} Nerves 14 days after nerve sect1on Hyelmn sheaths were folded
[~ 3

some had collapsed, and the orderly array of myelin lamellae was lost in
- several fibres. " Some nerve fibres were‘ioaded with electron-dense
bod1es. with d\lated tubules ‘( smooth endoplasm1c reticulum?}, and swoi1en
mitochondria. 12\\5 RoL possible to te]l whether these organelles were .
of axonal or-of Schwann ce}ﬂ origin. To sunnarize. the above changes are

fndicative of severe Hal]erlan degeneration (Figures 5-7.and 5-8).

{(c), Nerves 14 days after colchicine treatment (Figures 5-9 and 5- 10)

" The results after treating the nerve with 0.1M colchicine will be des-
_Cribed in some'detail, but such-desoription applies also to other colchif
cine doses (0. OZSH and 0.05M). |
The a?ona] cross sections were similar to those observed in un-
treated nerves; myelin lamellae presented’ an orderly array. axonal mem-
brane could be identified at the periphery of all axons. m1tochondria
‘microtubuies, neruofilaments, and nrofiles of smooth endoplasmic reticu-
Tum al shoued a normallmorpoology ° There were some eIectron-dense |
'bodies which may correspond to microtubules aitered by colchicine treat-
ment , or to g]&cbgen granules; such structures were not observed An un-

treated nerves, at least ‘hot so often. It 15 aPPdeﬂt from these elect-

Fon micrographs that colchicine treatment didﬁndt:provoke the dramat1c

)
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dégenerative~changes observed 14 days after nerve seEtiohf(see Figures ) 4
5.7 and 5-9). 'Some unmyelinated nerve fibres could also be seen and-did
ﬁot'differ_from those seen in untreated nerves. ' C//f)

(d)'Hicrotubule density after colchicine treatment: A preliminary

survey showeJ.that colchicine treatment caused a reduction in the number
“"of microtubules in the axons; the data concerning microtubule'counts are
assembled in Table 5- 2 For ease of comparison an e]ectronm1crograph of

a control nerve and a nerve treated with 0.1M colchicine 14 days prev-

t
1

“jously to fixation is shown in thure 5 11.

{




TABLE 5-2 ' -
] LT

EFFECT;AF COLCHICINE SOLUYIONS (0.1M and'0.05M) ON MICROTUBULE DéLSlTY

/
/
f

\ -

a ) FREpp— ‘,,

| | Microtubule - -
Treatment density /

Untreated 13.3 + 2.07..

0.1M colchicine ~~——-—_3.4 + 0.68%* .

0.05M colchicine 4.1 + 0.43* , R

i T ——

Each va1ué represénts the aveﬁage {+ SEM) ofqthﬁ“ﬁgmbeffof micro-
tubule%fﬁer um2 of Axoplasm *The number of obServatlons were for un- o
treated nerves (n = 7). 0.1M colchicine (n = 5}, and for 0 05M colch1c1ne .
“(n=6). Sign?hicance of difference between untreated and colch1c1ne“

treated groups 1s 1ndicated by ** P <0. 01 ¢

»




B FIGURE 5-2 -~ L L

This picture was taken-from a2 normal nerve. The myelin sheaths
appeared as dark structures 0f rather irregular shapes. f11]ed with
axoplasm. Schwann cells w1th a darker cytoplasm and irregular1y Shaped
huc]ei are a&so to be seen. Th1s and aII subsequent light nicroscopy
pictures were taken with a feofluar obJectlye 45K/NA 0.75. The bar at
the bottom of the picture indicates Ib p. i

Ty
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FIGURE 5-3 o o
This picture was taken from a nerve’ ‘which had been sect;oned 1
days before. . In most axons in wh1ch the myelin sheath still reserbios
the morpho]ogy of normal myelir sheaths. ‘the’ axoplasT/lQGFEETEFFUF?En
and filled with vaCUoles. Compare with control nerve (Figure 5-2), ard
‘with a nerve 14 days,after co1chicine treatment (Figure 544). It is
obvious. thaf nerve sectlon resulted in severe degenerative changes. 7Tre
bar. at the bottom of the p1cture Indicates 10 p. |

J






FIGURE 5-4

untreated nerves (compare with Figure 5-2). Obvifusly, colchicire

- . . v \ . ol
treatment did not provoke the severe degenerativf changes observgd 14
days after nerve section (see Figure 5-3). The bar at the bottom of tbe‘

picture indicates 10 B-

€ — ' ' :






FIGURE 5-5

Low magnification (5700) electronmfcrograph from a control
_(entreaied}=nerve. Myelinated axons of character1st1c (for salanander
'fﬁﬁ\ =cro§e sections were observed; some unmyellnated fibres were also seer.
‘\\‘»<; Soﬁe'mitochonqrialand ‘neurpfilaments c0u1d he observed in:thHe axopias:':

\:i:) the axone] membrane could be resolved in this specimen Ihe nuc]eus of
| a Schwann ce]] could be observed at the left hand corner of the picture.

The bar at the bottom of the plcture indicates 2 p.

»
B kl

i

~ ' . " FIGURE 5-6

- o N S %

. High magnification (57,000) electronmicrograph from a contro!

(untreafed) nerve, The axonal membrane and the 1nnermost myelin larellae

S

can be observed on top-of the figure. Mitochondria nicrotubules neyrz-

Yt |

i fi]aments. and profiles of Snooth endoplasnic retlculum are to be seen.

- The bar at the bottom of the picture 1nd1cates 0. 2 TR

n

S,
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FIGURE 5-7
€
Low maigif1cation (5.700) electroqmikfogfaph from a nerve
sectioned.ld-dayg previous to fixation. In sdﬁe axons.Fhe myelin shestr
has broken down or colldpsed, and lost its regula} spacing. dther axcns
are loaded with swollen mitochondria, aﬁa elecf?on-dense bOdies.(lioon
]ytic bodieﬁ) ‘The bar at the bottom of the figure indicates 2 p

— . 1
o

FIGURE 5-8

High maédifjcgtioﬁ/(57.000) eéiron mtcroéraph from a nerve
which was ;ectioned 14 days ﬁreViOUS t6 fixation, Sud]lén.mitochéndria';T;
cou!d be observed, ‘as wellkas other structures in advanced stages of ot
degeneration which made their fdentificatjon uﬁrelfable ‘The bar at tre

botton of the picture indicates 0.2 p- ‘ ‘
- . / ) :
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ey ’ : . g\
Low magnification (5,700) electronmicrograph from a nerve

* s« treated with 0.1M colchicine, for 30 minutes, 14 days previous to fia-

tiohé Myelin-sheath dﬁg not différ significantly from those obsérue;

N . - y .

- in untreaied nerves. HitochOndriq. neurcfilamems, and'profiles cf

- . smooth endoplaséf:.ﬁéticulum c0p]d be seen, and their morphdldgy e,

identical to that observed in ¢ontrol, nerves a% simj]arfmégnkfica:zcr.

7

The axonal membrane looks intact. There are also some unmyelipatec

.fibres similar to those observed in untreated nerves Corpare with -«
latter (ﬁ1gure 5-5) and with the neerZId days after? séc%1oﬂ (F1nure
] ‘

The bar at the battcm of the- pigture dicates~? -

y - eyrown b YT T LY T
.- L
v - Ll

P ' ia ,
' FIGURE

High magnification (57,000) electronmicrograph from-ainerve f.

—

treated with 0.1. coldhicine. for 30 minutes, 14 days prev)OuS to f1.~p

Al

tion. The axonal merbrane and myelin lamellae are observed at “the ?cnef _
, . right hand corner A fen nicrotubules are prcsent as we]l as-neuro— .f
filaments, and profiles of smooth endoplasnic reticulum, all had norma! 7
i , morphology There werg some electron dense bodies uhich}uere not ob- . §
served. at least-not so often in untreated nerves. Compare with the'

normal nerve (Figure 5-6), and with the nerve cut 14 days previously 2o

fixation (Figure 5-8) at the same nagnificat1on The bar at -the potlﬂf

of the picture indicates 0.2 p. -
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IO g .. FIGURE §-1 :

LS ., . .
’

- For ease of comparison an electronmicrograph from an‘untrestes

nerve {lower picture), and that of 3 nerve ;réated with C.1M colani-re
14 days previous to fixation are shown side by side. ‘ote that the SO

~difference between both axond is the absence of mi&ro&ubules in the

colchicine-tréated one. The bar indicates“0:2 B-

-
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Part V C D[SCUSSION ON NEUROTOXICITY OF COLCHICIHE

The data presented above showed that acute appIication of colchi-
cine so‘utions (0 025M to 0. IH) for 30'minutes dld not resdlt (1n nerves

studied up to the 14th day after treatment) in any 1mpairment of ability

to conduct nerve impulses. nor (except in 2 cases out of 16) in morpho- -

- 1ogical changes which could be described as Wallerian degeneration

_The rather unusual morphology of untreated nerve fibres may give =

g rise to suspicions as to, e.g. fixatidn. However. untreated ‘nerves in
-Triturds‘showed the . morphoiody found in the present research. See for
'instance Singer g_.. 11972) or Hay (1960). It'ishpossibie that such
" morphology may be peCUiiar to urodele nerve fibres
The earliest evidence of Wallerian degeneration in Triturus
-(Singer et al. v 1972) was the breakdown of the axonal membrane where it
comes {nto. ciose contact with the adaxonai membrane of Schwann cell, and
the subseQuent c;nningling of the cytoplasmic content of axon and Schwann
A;celi It was olearIy-shoun in the above eiectronmicrographs that there
.Was 3 normal integrity of the axonai membrane, and this was observed in

all cases, except in two salamanders which were treated with 0.1M col-

chicine, which showed evidence'of‘uailerian degeneration. It is reason-

1

abie. therefore, -ta conciude that in.most cases colchicine treatment, as _

described in Methods, did not cause Wallerian-degeneration.’
One finhjng of particular interest was the apparent reduction in
" the density of microtubules caused by coichicine treatment since such a

¢

finding is considered as the best evidence. though circumstantia] that

"I‘,f i
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m;crotphnles may be ineo]ved~in the mechanism of fast axoplasmic trath
port (Banks et al., 1971b; Hokfelt and Dahistrom, 1970, 1971).

.JHe have not yet studied whether or not colchicine treatment prp—-'
vokes early degenerative changes confined to the nerve term1nals That
is .a possibility which deserves further investigation, since in the
pigeon visual system, intraocular injection of colchicine (10 to 100 ug)
did'not‘provqke any impairment of‘condnction of nerve impulses in the
optie tract, but caused a reversible depression of synaptic transmission’
11n the tectum (Perisic et al., 1972); and early degenerat1ve changes in
the optic nerve terminals similar to those observed 12 to 24 hours after
optic nerve section (Cuenod et al.,.1972).. Since the latter changes
appeared at a time when fast axoplasmic transport was maximally depressed.
this suggested that a materfal transported by the fast phase of axoplas-
mic tradsport was essential fqr_the normal m rphoiogy and function of
optic nerve endings.

The conc]usion from the present stpdies is that the colch1c1ne

.doses used in the present experiments did not cause loss of impulse con-
duction or significant degeneration of fibres in the treated nerves,
exeept in a very few cases, for the highest doses of colchicine {0.1M).
The reduction 1n4microtubule density in treated axons is consistent with )
the accepted story from other worker's findings. namely that mechanism -of
.axoplasmic transport }see Part VI- A ) is related to mfcrotubu]es since

]

" colchicine affects both of ‘them., . : a




Part VI DOES COLCHICINE AFFECT AXOPLASMIC TRANSPORT? b

A

It has been shown jn previous'éections that both partial dener-
vation of the saiamandér hind 1imb, and treating ner;e'ls with coichi-
cine solutions result in an increase of the fouch-receptfve fié]ds_dfj
nervés ISIand 17. fhis finding lends support to the hypogheéis tﬁat
'the size of’peribhera] fields; at‘least in the salamander skin, is’
fegu1ated by a “neurotrophic” fﬁctdr(s) carried along the éxohs to the
periphery. - The moiemedt of substances along nerve axons is 1mp11¢1t o

in the terms "axoplasmic flow" and "axoplasmic transport”.

N . ~

e
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Part VI A HISTORICAL REVIEW OF "AXOPLASMIC TRANSPORT"

¥

- : ODue to the speciai morphology of neurons. Substances synthe- .
gsized in the neuronal soma, for 1nstance proteins, may have to be’
exported over large distances to weiativeiy remote regions such as the
nerve. endings of motoneurones. The concept of transport mechanfsms in
_axOnS has changed our understanding of the neuron from that of a. rather .
'static structure suggested by histologica] appearancescto that of a
'cont‘nuously modifying and possibiy continuaily growing dynamic system ih
~ There are.now new possibilities for explaining how nerves can influence
their target cells. by means other than 'the: immediateiy effective action o
of neurotransmitter substances on post -synaptic structures ": ‘ ,
This section wili cover some of the classic papers which_estab-'.
1ished the existence of--the phenomenon of axopiasmic transport par-
uticuarly of those". substances (cho]inesterase and catecholamines) which
were used as markers of such transport in the present research of ' X
course there is evidence that other 5ubstances are transported along
nerves, such as- giycoproteins (Bondy and Madsen, 1971}, RNA (Bondy, 1971). e
land mitochondrial enzymes (Kreutzberg. 1969). but a thor0ugh account of" |
| that material uill not be attempted in this d)scussion, acomprehenstve ‘
reviews have been presented‘by e.g. Jeffréy and Austin (1974) Heiss
(1969, 1970, & 1971b}Dah1 strom (15%), Barondes. (1969) ; Dayison (19704 -
| b). and Grafstein (1969) Included here, h0wever will be the ev1dence :'
indicating that colchicine can block axopiasmic trmsport. pro‘bably by
interfering with-the- -proteins which form certain structura]‘entities :

" within the axoplasm. _ -
R 188
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1. The axon as & stream of axdplasm.

[}

The first ciear demonstration that indeed there was anlaxOnai
transport of materiais was given by Weiss and Hiscoe (1948). The experi-
ments consisted of cutting ‘the sciatic nerves of rats and allowing them
to negenerate for periods of 4 to 35 ueeks into regions of" partiai con-
striction produced by arteriai cuffs round the nerves. The regenerating
fibres uhich succeeded in growing into the distal region remained per-
manently undersized. while the’ proximal segments near the entrance of

the constricted zone eniarged markediy The impression given was that

. of a column of axbpiasm pressing_ distaliy.iwhich had become dammed up.

QZ. Axoplasmic transport of proteins o ‘,i.

1

" where the channei narrO”“d (Weiss 1969, 1972). It was found that the

removal of the arteriai Cuff resuited in a sort of axop]asmic fiood wave:
whose advancing front c0u1d be recognized microscopicaiiy ‘during the
first 2 days fter releasing the constriction The rate of advance of

the axopla\ c column was about 1- -2 mm/day. Hore recent experiments\(see

below) have shown that there are also higher rates of axopiasmic trans- ]

port which cannot be accOunted for by this siou fiow described by

Welss and his col]eagues. - \

- -

]

Proteins are an example of Substances which are usually synthe-

sized in the perikarya] regiOn of neurons (Sgirin _g 1969 UtakOJi

© and Hsu, 1965) and then transported toward the nerve endings Houever,

"~ it should be’ kept in mind that there exists the possihility that proteins
may be synthesized in axons (Eddstrom 1966; Koening. 1967). synaptosomes
(ﬁorgan and Austin, 1968. Austin et al., 1970). or may be transferred

‘Qsllilti
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from Schwann cells to axons (Singer et al., 1966).

The first clear‘dewonst?ation that proteins synthesized in- the

nedronal body were subSeQuentLyftransported along axons was given by

Droz and Leblond (1963) These authors administered tr1t1um-1abe1led

amino acids ( H- a a.) intraperutoneal]y and 1ater on v1sua]1zed the
localization- of ]abelled materia] using an autoradiographic technique
(see below).. Specimens of cerebral cortex, cerebellum, and sp1na1 cord
were fixed within minutes after the anection of 3H -a.a., and were’
subsequently processed histologically. An autoradiographic reaction

(silver granules) was detectable over neuronal bodics, but not over the

axon hilloek. nor .over efither central o} pe(ﬁpheral axons. By repeating |

the experiments at various times after the initial injection, the radio-

activity which was responsiﬁ?e for the positlve autoradiographic res-

. ponse was shown eventually to diminish in the neurona1 soma, but to move

down the axons. sboth in-the CNS and in the per1phery (sciatic nerve) Qt a
rate of about 0.8 mn/day in full grown rats. and 1.5 mm/day in young
ones. lt is concefvable that the difference may reflect the need for
ektralmaterials eequired for growth in the young animals, but it is

interesting that thfs would affect rate of movement of labelled material

.{presumably protein{in this case), and not just quantity., ‘The authors'

“

did not make any‘eeference to higher~ratos‘of transport; the failure to CT

detect: such rates may be due to the fact that "fast® axoplasmic transport

 (rates highée than 2 mm/day) carries a smaller amount of proteins tean

“siow" fleu (Karlsson and Sjosstrand }1971a; Sjosstrand et-al., 1969;
McEwer .and Grafstein. 1968) "and also because the background radioactivit
was rather high (3 grains/10 p ) in the above studi¢s, and disallowed

therefore the resolution of fast rates which may have been present.

y
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3. Techniqpes used to study axopldsmic transport of 3H-prote'ins

The basic principles of two of the more often used techniques
will be briefly considered here, but a detailed account will not be
attempted; for further detiils ‘seé Wang g;_gl.. (1965).

: (a)'Autqradiographic techniques: The rationale of these experimentel

“is that when H-a.a. are administered to a'preparafion either.jg;gigg_br:‘
in vitro, those cells which ere in the process of protein big;;pthesié
will incqrporate 3H-a.e. into pro;eins, thus tagging the proteins them-
selres.”3H-a.a. which Becomes'incorporated into proteins you]d remain
(it is presumed} in the specimens during the fixatdpn;procedhre, but rree‘
3H-a.a. uouid be washed out. In sections prepared foi'autoradiography,
end subseQUently processed h1sto]ogicaliy, an autoradfbgraphic reaction;
i.e. silver granules y}sibie in the.cqatihgemulsion after development.kl s .
would be detected over those pléces where énough of the 1abe]1ed-protein "
‘existed at the time or fixation. Such lebélled sites, if they were'known
not to be there where protein synthesis occurs, indicate the existence of
SOome mechpnism such as axop]asmic transport capable of conveying the
synthesized protein Other experiments in which scintillation counting
techniques have been used. shoued that 3H proteins moved as a sharp peak 0
'along 20 mm of nerve trunk but the peak took up about 1 mm, and moved
with no decrement in time or space (Fernande; g;_gl.. 1970}7 these
findings would exclude iapinar flou and iimple diffusion as mechenisms"

~ responsible for‘the observed shift in the Iabelled proteins.ﬂ
| (b) Liquid scinti1lat10n counting techniques: This technique is

based on the em1ssion of low energy beta particles from samples contain-

ing fsotopes like 3H-or C. The energy of the nuclear radiation is
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“"'"‘-1101_, f't"}z(_‘d‘if‘d a5 phOtOﬂS which are d(}fpctéd and ;v-‘(_-(]m_“'(:)d$ nst,].].]y.

heinp nvprnSSEd as dlslntenra ions per minute.,ner mo of p?nrnin.

- f

A5 with the autoradlooraphlc experiments, 3H-a,a.'incoroorated

1

-
irte nreteing ui}l'tan the latterj'wnjoh‘can be precipitated from tissue
- homonetates and so provide an estimate of the incorporation of SH-a2.a.

‘into such proteins. In some experiments (McEwen and Grafstein, 1968)

“yrther deronstrations of this incorporation was obtained by breaking .

-

Aown tnp'protelns lnto amlno-acids by acld hydnolysis subsequently

seoarazdnq the a.a. by chromatography. and v:suallzlnq them by ninhydrin

o

v
stalntno of the spots uhich were subsequently processed for sc1ntllla-

tipn counting as described above. 'f} . s
. I [
4. lnvestigations of axoplasmic transport in selected groups of neurons

- l

Systemic admlnlstratlon of 3H <a.a. may result 1n the labell1ng

of all cells (neurons and non- neurons) which happened tq be in the pro- e

-
-

cess of protein Hlosynthesls at that tlme Expefiments were designed

| therefore ‘to-permit the labelling of selected groups of neurons. " This - //;/’”
: has been accompllshqd in fhe folloulng examples (a) applicatlon of ‘ '
3H—a 2. to the nasal. nuc0us nenhrane of froqs. uhich resulted ln the

. labelling of the olfactOry nervel(ueiss ‘and Holland, 1967) (b)'the dorsal 3 Fﬁ

™

spinal gdnollon‘of mice can be placed in a chamber wifh a partltion uhich
aliows one to expose the ganqlion to radioadtive tracers without directly
 affecting the axons Of the neurons (ﬂe1ss. 1967) and the injectlon of
3u-a 3. into the dorsal ganglion of cats in- vivo. (Lasek. 1966 1968a).
(c} the lntraocular 1njection of 3H-a a. which resuTted in the labelling

of the visoal pathuay 1n birds (Bondy et al.. l97la,b). oldfish '

w;&‘?ﬁ. . - Cs . . ..,_;:_," . e C . . -.'
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1
.

(Grafstein; 1967, Grafstein and Murray, l96§). rabbit (Karlsson ané
'Sjostrand, 1971) and rat (Sjosstrand and Hansson, 1971). In the-above
examples either adtoradlographi£4stud1es_or scintillation counting
techniques {see above) showed that a wave of radiodctive proteins moved
auay'from the neuronal bodies, and’:ag largely confined to the axons of
- the neurons concerned. Thé amount of 1abell1ng carriedrby.the prox1mo¥ -
distal conveceion of fluid in the endoneurial space which Weiss gg_gl,.‘
(leS)-estimated.to occur at a rate of 24-72 mn/day appeared to be sﬁall,
since the silver grains vis1ble over connective tlssue in nerves were |

negllgible at a reglOn 7 mm from the site of injection ofl3H*a.a (dorsal

spinal ganglion of cats)'ﬁhlle-the more peripheral anun profiles were

overiaid with a ;iudding of silver grains.{Lasek, 1968a).

5. Rates of axoplasmic transport

The experiments of Weiss and Hiscoe (1948). and Droz and Leblond
(1963J discussed above, showed that there was an axoplasmic transport of
materials at a- rate‘of 1- 2 uuvday. Apparently. clear evidence of higher
rates of axoplasmic‘traﬁsport was glven for_the first time by Grafstein
) (1967) in the goldfish visual pathway, and by Lasek £1956) in the cat
dorsal spinal ganglion. (These experiments were mentioned above, see
also Table 6-2). A considerable number of experimental models have* been
1nvestigated and a list of relevant examples is given in Tables 6-1 and
6-2. In bost of these experiments. the rate of axoplasmic transport has
been caloglated from the fate at which the front of a wave of radio-
. active protein moved along axons after the administration of H -a.a.
using efther autoradiographic or scintillatlon counting techniques.

-




\
TABLES 6-1 and 6-2 .

Legend - - ;

{ ' ,
_The nutbers in brackets refer to the techniques used, as folloms:

(1) scintillation counting.
'(?) scintfllation counting and parallel studfes using light and/or v

autoradiography. to show axOnal localizasioﬁ of radicactive protein.

(3) 1ight microscope autoradiography. silver grain c\\htsi__i- ‘ _l

(4) proteins purified using ion exchange colunns followed by poly-acry!-
amide gel electrophoresis or gsoelectric fOCUsing. the protezn thus
obtained (bound to 3h~colchicine) Was then processed for. sc1ntt11a""*
c0unting. /

(5) Light microscopic.GbSQfVation of a visible axoplasmic "flood wave*“.

3 i
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Usually the rate of 1-2 nanay is referred to as "slow" axoplasmic

transport (Samson, 1971; Dah]strom.,IQTia). A'rate as high as 26 mm/
.ﬁay has been called "slow" (Sjosstrand. 1969, 1970} because {n the same
experiments a clear Separation was achieved l(by scintillation‘counting
techanues) between that rate and‘another rate up to 400 mm/day. ‘However
lfmyself‘concur with the view that‘the,term "slnw"‘axoplashic transport
- should.be restricted to rates of 1-2 nm/days .there is a possibility that
this-may correspond to the butk movementfof axop]asm as originally con-
ceived by He}ss and Hiscoe (1945);. higher rates}than this probabiy

relate to different components of the “fast" axoplasmic transport it

should be noticed houever. that the axoplasm1e transport in general is
a rather sejective system. 1nc1uding even the slow one; for instance
mitochondria are transported at a réte-of 1 mm/day a]ong axons (Weiss,
19715. Kreutzberg, 1969). but ribosomes which are abundant in the .
neuronal body, are conspicuously absent from axons (Peters et al. , 1970}.

In addition, there is.good evidence that axoplasmic transport occurs if

“the reverse {i.e. distal-proximal} direction also (Kristensson _t__l..: <;\\
1970, 1971). In particular, evidence exists that cholinesterase, a sub-
stance of interest in the present studies, moves both distally and

4

proximally, presumably in the same axons (see below). i‘ i y

6. Axoplasmic transport of choiinesterase

Cholinesterase is. the enzyme used in the present research as an
/ .

- indicator of normal or reduced axoplasmic transport in nerves. By using

either histpchemical methods or determinations of enzymat1c activity the

transport of particular proteins (enzymes {n this instance) have been .

W
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. measured, in contrast to studies involving the administration of radio-
active precursors (3H-a.a.) which results in the labelling of several
kinds of proteiﬁs,-uhich have not been separately characterized.

\\ h Swayer (19@6) found that after cutting tﬁe sciatic nerve of rats
the regenefating fibres of the proximal'stuhb.showed an increase of
about 300% of the contro} Qalue (for an equivalentilength of nerve trunk}
in cholinesgérgse activity., Since histochemical methods showed:that a ”
considerable amount pf products of cho]inestgrase activity was‘present on
axonal surfaces, he attributed this phenomenon to the increase in cell
5urface of the numerous regenerating axons. S !
Using several. modifications of the acetyl- thio choline method for

cho11nesterase (Fukuda and Koelle 9 1959) showed in the cat ciliary
ganglion that the pattern of cholinesterase sta1n1ng corresponded very
.closely with that of thé ﬂissl substapce. ?oi]owing total 1nact1vation

~ of ganglionic cholinesterase with di1sopropy1f]uorphosphate the
enzymatic activity appeared first in a region around the nucleus, then
at more peripheral regions of the neuronal body, and later on at cell
mecbranes; presumably it occurred aiso in axons and axonal endings,
although the latter point was not assessed Tﬁese findings were inter- f*’
preted as indicating that cholinesterase was synthesized in the endo-

vplasmic reticulum, and then transported via the endoplasmic reticulum -

' cana11CU11 to the cell surface and processes. In.{solated nerve segmen;s'
(peroneal nerve of dogs) of ceveral cm length ‘there was an accumuIation
of cholinesterase at- both ends of the nerve segment, a]thocgh it was
higher at the distal than at the proximal end; there was a correspond1ng

decrease of the enzymatic activity in the midd]e region of the nerve seg-

W
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ment, so that tne‘total enzymatic ecti§1ty did not change'(Luoinska:
1964;  Lubinska et al:, 1968;. Luoinska and Nimierko, 1971). These

findings were interpreted as ev1dence of a bidirectional transport of the
enzyme; from the rate of accumulation it was calculated that such trans-
'oort occurred at a rate of Zﬁdfmn/day in theBbrOximo-distal direction,
ano at a rate of 130 wm(day in the‘retrograde one. The existeneg;qf a
otdirectional transport of cholinesterase has been conf irmed 1Q£5iher
1aboratories. and some of the values reported are,given in Table 6-3.
AlthOugh the values are not identical for different experimental models.
it s apparent that the rate of transport in the pr0x1mo d1sta1 direct!on
1s greater than in the opposite one. The. uide variation in the values of
i_the transport rate of cho]inesterase e.g. from 5, up to.430 nm/day, may
reflect species differences, "although technical factors may also play’ a
role In this regard the comment made by Lubinska (1964) may be re1e- ;%‘
vant, that preliminary experiments failed to geveal any accumu]ation of
cholinesterase activity uhen the determinations of such activity were\per-
formed in pieces several mm long - of the isolated nerve segment

Ranish and Ochs (1972) fOund that only about 10% of tne total
actnvity of an isolated nerve segment moves in the proximo-distal direc-
tion and 5% in the retrograde direction; the bulk of the enzymé'seems to
be stat1onary. at Jeast so far as fast axoplasmic transport is concerned.
It is known that cholinesterase is bound to membranes of endoplasmic |

LY

-ret1Cu1um. and to axonal Surface membranes (Brzi g___l 1966 De
‘Robertfs, et al., 1962). The suggestion was putaforward by Nimierko and
Lubinska (1967) that choIinesterase which is transported in axons may be

‘bound to endoplasmic reticulum, whereas that bound to axonal Surface %,

L~
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TABLE '6-3 -

| RATES OF AXOPLASMIC TRANSPORT OF CHOLI:

3

STERASE It mm/DAY -
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oy

. Ranish &:0chs.(1972)

5c1at1c nerve. cat

Ref?EeQ;gs ;_‘ Prepa}ation' P;?;:g%: Retrégréde~

FOnnun et g_ ( 1973) - Vagus nerve, rabbit ’ 425 " 123
FrL;zel et al. ., (1970} Yagus - nerve, rabbit 15 e
' .. Hypoglossal .nerve, rabbit 5 -
Jarkowska g__g__ {1969) . Peroneal nerve, dog 120 -

. Nimjerko & lubinska (1967) Peronea1 nermg.jH;;. 260 l:l 134

Lubinska & Nimierke (1971) T 5 ' :

Lubinska (1971)

‘Partiow et al., (1972) é;1at1c nerge, frog 99 | 19
5 430 220

o




/-

+*

. remains stationary.

-

7. Axop]asmic transport of catecholamines
_The histochemical fluorescent method specific for catecholamines

(CA} was found to be 2 convenient way of viSualizing axop]asmic transport

) in the present experiments. and is described in Part,¥1 B 1a Severa]

perimenta1 approaches indicate. that noradrenaiine (NAdr) is contained
in small and large granular ve51c1es. both with a dense core; see for _
example von Euler and Hiilarp (1956) ‘Hokfelt {1967). Bisby g_'a (1971){'
*Dah1strom gg.g_.. (1971a) and Kapeller et al., (1967). It has been shown

that proximal to the site where sympathetic nerve fibres were crushed,

tied. or cut. there was an accumulation of 2 strong]y fiuorescent material

1

| _uhen_the histochemical fiuorescent technique for CA was used (Dahlstrom

19672,b, 1969 1971a; Kape]ler and Hayor. 1967 Dahlstrom and Haggendai
1966, 1967 1970 Geffen Livett and Rush,. 1969 HokfeIt and Dahlstrom,
‘1971) Ultrastructura] studies showed that. proximal to the.site of nerve

crushing there was an aCCunu1ation of dense-core granuTar vesicles

- (Banks_gt,al 1971a; Kapeller and- Hayor. 1966 1967, 19693, b; Geffen

and Qstberg. 969) Similar resuits were obtained with,innmnof]uorescent'
techhiques used to deunnstrate the presence of dopamine f}hydroxylase, an
énzyme associated with NAdr storage granules (Geffen, Livett. and Rush,

1969), and’ spectrof]uorimetric determinations of NAdr have also revealeo '

' an fncrease of NAdr proximal to the site of nerve crush {Banks et al.,

197Ia Laduron and Beipaire. 1968; Dah]strom and Haggendal 1966 1967)
These experimental findings are all consistent with the hypothe51s

that NAdr storage-granu1es are continuai]y transported in a proximo- dista1

: . 1 .
- . .
o I
2 . . f
- ' w - : . -
. . . . S,
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directibn‘;n the axons, and that they accumulate proximal to the site of
a nérve_letion because thé Tatter Has interrupted théir normal transit.
The rate of transport has been calculated -from such rates of accumula-
tion, and some of the vq]uesrreported are given in Table 6-4.

Hhatéter the‘mechaﬁism(s) for thé transport of NAdr storaée
granules méy be, it fs localized within the axoh itself since the phenom-
enon $till occurred a]ong a segnent of rerve 11gated at both ends, and it
appeared that no further synthes1s of NAdr had occurred, since no
{ncrease in total NAdr content was detectable (Dahlstrom, 1967q). The
time-course of the accumulation of NAdr at a nerve consttigtion has 2
ver}lsteep. fairly 1inez- relation;hip(during the first 48 'hours, and
‘after that time reaches a plateau (Dahlstrom and Hagéendal. 1966,
_Kape]lér and Mayor, 1967).-

: | 1 , |
8. Effects of colchicine on axoplasmic transport and microtubules

The me}n experiments of the present reséardh rest on the hypo-
thesis that a blockade of axoplasmic transport (of a preSumed trophic
‘factor)<caused either by nerve section or colchicine treatment provokes
collateral sprouting'in adjacent nerves. The ev1dence*qﬁ_to‘the action

of colchicine on axop1asmic flow therefore will be reviewed now.

{a) Effect of colchicine on axop1asmic transport of prbteins 'Colf
chicine affects both the slow and fast phases of axoplesmic transpoft,
but'there are species variations with regard to the extent to which suche
' phases are blocked, as the following examples will {1lustrate. James et
al., (1970a) found that a dose of 10 ug colchicine 1nje;ted in the lumbo~

'sacfaI spinal cord of chickens did not interfere with the incbrporation'

3
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TABLE 6-4
RATE§ OF AKQPLASHIC :TRA.'iSPORT dF CATECHOLAMINES IN fnm/DAY —~—
Reference | ~ Preparation \ Rate mm/day
Banks, et al., (1971a) Hypogastric n/inf.mesent. 26.4 - 21.6.
., ganglion, rat (1) .
Dahistrom & Haggenda1 (1566, . Sciatic nerve, rat (1) 120
1967 1970) o ) .
’ Sciatic nerve, cat (1) 240
’ - ' o Sciatic ner,vel. rabbit ( 1‘) _ 72
Geffen 4 Rysh (1968) ) \ Sp]enic.nerve, cat (1)  33.6-101
'Haggendal . Dahlstrom (1969Y Spinal cord, rat (1) . . : 16.8
Leduron & Belpaire (1968) Splenic nerve, dog (1) - - . . 24-48
‘Livett et al., (19682, b) " splenic nerve, cat (2) 120 .
HwbeE§ fn brackets r'efer.to. techniques used as follows: ‘
(1) Spectrofluorimetric determmations of NAdr. ]
. (2) Det.eﬁningt.ions of Yc- NAdr | . , :
--\ . » Y
‘ .. -
(
{
8
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of 3H-a.a. into proteins. buf the amount of labelled proteins which was

tnansponted down the sciatic-nerve was dramatically reduced, that

moving at 2 mm/day\to a-mere 6%, whereas that moving at 300 nm/day'was

less affected but still reduced to about one third of the control va1ue. B

)

In adult rats,” an intraOCular injection of 1 ug colch1c1ne caused a
decrease of about 30% of retinal protein synthes1s but soch decrease did
not occur with lowe doses;‘ nevertheless, 0.2-ug co]ch1cfneecaused an
'almost complete blockade of the fast axonal’ transport of proteins

(labelled uith-3H -a.a.) while a small but s1gn1f1cant fraction of the pro- <//J '
tein transported at the sTow rate of 2 mm/day was still being conveyed to
-the optic nerve tenn\nals (Sjostrand et et al. , 1971). In the hypoglossa]

and vagus ‘nerves of rabb1ts. an 1ntracisterna1 injection of 100 ug col-
chicine provokes an almost complete blockade of the fast (up to 400 nndday)
rrtransport of proteins 1abel1ed with 3H -a.a., but the axona1 transport of
two enzymes (choline acetyl transferase and acety]chol1nesterase) which
‘moved at a ratenof 5- 56 rm/day was only partmal]y affected {Sjostrand,
1970a, b). ‘These fifdings show that a given cbichicine dose may produce
different degrees of .blockade in the various components of the fast and
slow axoplasnic transport systéﬁ L ) _

_In the crayfisn abdominal ganglia two sharp ‘peaks of radioactive S
protein moving at 1 and 10 mm/day_observed-normally after the intra-
ganglionic‘Tnject;on’of 3y. -2.a. were both complete1y blocked by intra-
gangl fonc fnjection of 10 "3y colchicine (Fernandez et al., 1970, 1971).

In chickens. the effects of 1 ug colch!cine inJected into the lumbar

spinal cord -are apparent1y long Iasting. since even 27 days after such

injection the slow (2lnn/day) was reduced to about half, and the fast -

N —
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7.(up to 300tnn/day) ‘to ab0ut one third of their control, values in the
‘sciatic nerve (HcGregor et a] 1973). In rabbit motoneurons, there is
morphologicaI;evidence that the pathological changes, e.9. d6créase in
microtubules, appeérance of abnorma1 neurofilament bundles, etc., pro-
voked by the injection of 100 ug colchicine into .the Iumbosacra] spinal
cord. began to disappear by the end of the third post -operative week

(Wisniewskd g&_gl.. 968).

(b} Efféct of colchicine on tﬁe axgpfaééic transport of cholinesterase:
Theléccumulatihn of the_products of cholinesterase activity above a
sciatic nervé crush‘i? rats disappeared when 100-900 ug;co]chicine were
injected into the nerve.,rior to nerve crushing (Kreutzberg, 1969): .sﬁ511-
er doses did not produce such effect. In the discussion of their resultsf
Kasa et gil. (1973) mention unpublished results like those above, -but hol
' ’*\CLdeiafIs were given. These findings are éonsistent with the view that -
colchicine at the appropriate doses'b]oéks the_axop]asmic tranépo?t of
) cholinesterasé. Similar]y. Sjostrand (1970b) using biochemical determi-
nations of the'enzyme activity showed that the intracisternal injection of
100 ug ctolchicine resu]ted in 2 signtficant decrease in the amount of
enzyme accumulating proximal to the site at which the vagus and hypo-
g]o$$al nerves were crushed; these findings showed, houever only 2
pa}tial blockade of the axoplasmic transport of cholinesterase by colchi-
¢ cine. - . .

(c) Effects of colchicine on the axgé};s&ﬁg;ﬁ&gnsport of catechola-

mines: The application of co!chicine at aparopriate doses aesults in a
‘significant reduction or in the cumplete absence of the aCCUmulation of

catecholamines (CA) uhich 1s normally observed above a nerve crush by

N

s \—"
‘\
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fluorescent histochemical techniques (Dahlstrom

gnd Danlstrom, 1970, 19715 Mclean et 2l.. 1972).

to accumulate after colchicine treatment (Banks
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1969 *1971a,b; Hokfelt

In add1£1on. the

B .
: 5%ense cored granular vesicles which almost certainly contain NAdr fail

. %

t al., 1971a,b; "

Hokfelt and Dahlstrom, 1970, 1971}. Similar results were obtalned w1th

spectrofluorimetric determinations of NAdr (Banks et al., 1971a,

Dahlstrom, 1971a). A1l these findings are consi

stent with the view that

colchicine causes a blockade of the axoplasmic transport of CA. Banks

et al., (1971b) found this to be a dose-debendent phenomenon; at doses

less than 0.3 ug/ml in v1tr0 colchicine d1d not significantly block the

accumulation of RAdr above the ligated region of a nerve, but it did so

at doses ranging from 1 to 10 ug/ml.

(d) Effects of co]ch{c{ne on microtubules

ti)ltharatterist1cs of microtubules: Th

1ca1 structures can be Observed by electron micr

debyde fixation, and have an outer diameter of 2
1970, Hisniewski SL._J:- 1968). Their actua1 le
since théy do not appear to branch in pre-termin
and Hayr (1971) suggested that microtubules may
ture from neuronal "nucleus to nerve endings Mi

protein.Subunits. uSually ‘called tubu]in. which

of about 60,000 (Schmitt and Samson, 1968, 1969;

1970; Feit et 2l1., 1971).

(11) Binding.af colchicine to tubulin:

ese apparently cylindr-

oscopy after‘g1utara1-
20-260 | (Peters et al.,
ngth is not known, but.
al motor nerves, Weiss
form 2 cont}nuous struc-
crotubules are formed of
has a molecu]a ight

‘Davison and Huneeus,

Borisy and Taylor (1967a,

b), Shelanski and Taylor (1967, 1968) and Davison and Huneeus {1970)

~isolated from several sources, €.9. mitotic spincﬂe of sea urchin eggs,

-

n
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perm tail,. squid axoplasm, a protein which binds colchicine. In the case
- of the mitotic spindie (Borisy and Taylor, 1967b) colchicine treatment
resulted in the disappearance of microtubules, which suggested that the
protein which binds colchicine may be the microtubule protein Davison
and Huneeus‘(1970) extracted the pnotein from 900-1500 mg of freeze-dried
squid- axopiasﬁ osing small volumens of a solutionz(0.0ZM mercaptoethanol,
0.0T™ soldium phosphate, pH 6 3, IOJSH GTP) containing 0.1 uc laclcoichi;
cine. The clear centrifugai extracts were applied to gei fiitration or
ion exchange coiumhs, the eluted portions containing the protein-bound
' 14C coichicine were grouped and subsequently processed for e]ectrophor-_
esis in poly acrylamide gel; ~in this way 2 singie protein band was ob-
tained. uhich contained about 75% of the, protein-boond C-colchic]ne.
Nevertheless, the identification of the coichic1ne -binding protein as the
microtubule protein is not yet compieteiy'proven howee_’y/these experi:‘
ments strongly support'the‘vieu that the'isoiated protein (tubuiin) may be
:the microtubuie protein. :

| Experiment; in which subcglilular fractionation has been combined

with innunologicai studies invoiving antibodies against purified tubulin

(Tuomey et al., 1972) or, wit determinations of 3H colchicine bound to
protein (Lagnado et 19 1) suggest that tubulin might exist ina sol- -
uble pool from which subunits may be recruited for the assembly not only
of microtubules, but also for the integration of mémbrane components of

" neurons. . The finding that colchicine binding protein diagnostic for
. -microtubuies; moves at the slow rate of 1.5-2.0 mm/day (Karisson et al.,

1970; James ar* Austin, 1970; Feit et'al., 1971 McEwen et al., 1971;

Cocper and Diz-ond, personal c0nnunication) lends support to the sugges-
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tion made by Weiss and Mayr (1971) that microtubules may grow continually
by adding up new 5ubunits in the perikaryal region of the neuron.

(§11) Effect of colchicine on the number of axonal microtubules

"some of the values of the number of microtubules per cross-sectional area u
of axons (nicrotubule density) are given on Table. 6 5. It has been found -
that colchicine’ at doses which blocked axoplasmic transport produced a
significant de;rease in the nunber of axonal microtubules (Banks et al.,
1971b); 1in crayfish however. Such a~decrease was - not observed and’

H

microtubules were morphologically identical in colchic1ne- and un- treated _

BN
-

animals {Fernandez et al., 1970). At temperatures above 40°C 6r below

4°C microtubules:disappear from axonsf(Hinkley.gt‘gl.. 1972; Samsgn, 1971), q_
and when animals are brought again to room temﬁereture microtubules re-

appear; however. colchicine treatment prevented microtubule reassembly
-after similar temperature changes {Rodriguez g___l_. 1968; Samson, 1971 \
Hinkley et al., 1972). These findings suggest that colch1c1ne may bind to

the tubulin.pool. but not to the tubulin present in organized microtub-

ules; it is also possible that in crayfish colchicine- treated axons may

show morphologically normal microtubules whose function may be 1mpa1red

(see below).

.Conclusion‘ Colchicine. at appropriate doses, blocks axoplasmic

transport of & wide variety of substances; although there are variations
.from one species to another. it seems that fast axoplasmic transport is .
"more severely affected than the slow one. An important characteristic of
colchicine {s its ability to bind to an axonal protein, most probably the ""|

microtubule protein; in addition colchicine provokes in some spec1es a

disruption of microtubules at doses uhich block axoplasmic transport

. .
- ' * N ) Co . I :
: L - -

\
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A
TABLE 6-5 = ° 7
MICROTUBULE DENSITY - -
Reference Preparations Microtubule deﬁsity
\ . .
Banks, et al., {1971b)  Cat sympath. axons 16 per axon”
Minkley et al., (1972)  Crayfish ventral cord 40 per p°
Peters et: al., {1967) Newborn rat, optic nerve 4-10 per axon
samfon (1971) Crayfish ventral cord - 28 per.p2
snith gg.gl...(1970) Lamprey spinal cord ' 8-17 per pz
. - 3

%

~ Some of the values reported ,of the number of microtubules per

axon Or per pz of axonal cross area.




/ ! . N L

These findings 5uggest that microtubules may be 1nv01ved in the mechanism
of axop!asmic transport, and that the ability of colch1c1ne to interfere

with this transport {s due to its apility'to bind uith the prote1ns which

form the microtubules.

—

-




Part V-8 HETHODS ADOPTED TO INVESTIGATE AXOPLASMIC TRANSPDRT

The Falck Hillarp fluorescent method for catecho]amines and the
acety1 th10 choline method for cholinesterase were used with that aim in
the present research. As has been discussed in the Historical Introduc- '
tion above the accunulation of catecholamines or cholinesterase activity
proximal to the site of i‘nerve crush is consistent w1th the hypothesis
that such 5ubstances are being transported along axons. and the investi-

' gatioms of other workers have shown that these move in the fast range of
flow. It uas.predicted. therefore, that colchicine, as used in the
" present investigations, uonld block soch'axopldsmic transport, and 50

cause a decrease in such-accumulations of catecholamines or cholinester-
1

ase. o . : S ‘ -
' v ] . L . .

1. The Falck- Hillarp fluorescent method for catecho1am1nes

The fundamental reaction involves a condensation of mOnoamines
with formaldehyde to yield a tetra-hydro derivative which 1n a second
--reaction catalyzed by proteins)is dehydrogenated to its corresponding d1-

hydro compound. Apparently most, of'the native proteins possess this

. _',‘--’
property. The di- hydro)compound 45 in a pH -dependent equilibrium

¥

(maxiowm between 6 to 10) with their tautomeric quinoidal forms, which ..

'\ !

absorb strongly betueen 360 and 420 my and are thus the source of strong
fluorescence Such reactions are represented below:

Honoamine + formaldehyde -+ dihydroxy- tetrahydroisOQUinol1ne

.pH 6-10
'Zﬂ dil)ydroxy dihydroisoquinolire —_— Quinoidal compounds

The coddensation reaction above 4s given by 3 hydroxy- -phenyi-ethyl
213

. ' ' _ '_ ' . ‘Iiil



g '_ T
amlnes like noradrenaline and dopamine, and also by 1nddlyl -ethyl amines
like 5- hydroxytyrosine (SHT) and 5-hydroxytryptamine (SHTP) ., Frpm the
nistochemical point of view, it is of greatest interest that the dio-_-

- denic compounds closely relaeed to catecholemines and 5-HTP.”for in-'
stance phenyl -alanine, tyrosine tyramine tryptophan 5-hydroxy~indol
acetic acid, and deaminated 3-0- methylated metabolites of catecholamlnes
do not react at all or too little to be of any stgnificance for the
histochemical locatization of bldgenic monoamines.

The most 1mportant variables in the fluorescent method for cate-
cholamines-are the hum1d1ty ‘of formaldehyde gas ?generated from para-‘
formaldehyde). {ncubation time, and temperature The histochemical
fluorescent method for catecholamlnes is not -a quantitative one,’ owing to
local differences in concentration of the amlnes in different parts of J’
the neuron, and to differences from neuron to neuron

. 1 ’
{a) Description of the method used in the present research The gen- y

eral procedure 1nvolved the following steps: (1) freeze-drying, (2)
reaction with formaldehyde, (3) embedding, and (4) sectioning and
mounting The specimen (see below) was frozen by‘rapid dipping into
1iquid propane cocled by llquld nitrogen and the drying was performed 1g.
vacbo the latter step usually taking from 17 to 3 days. ‘The crltical'
factor in the formaldehyde gas exposure {s the water content of paraformal-
'dehyde generating the formaldehyde gas; the optimal humidity 1s between
50 and 97.5%, and to find the best condition required several trials. The
' formeldehyde reaction was carried out in a well-closed Jar cpntain1ng 5 to
109 of paraformaldehyde at 80°C for. 1 hour. After the formaldehyde
reaction, the tissue specimens were embedded in paraffln and longltudinal

 w
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gections B8 u in thickness were cut from the paraffin blocks: The §ectidns
were mounted on well cleaned glass slides ‘and enclosed in Entellan con;
taining a small qm0unt of xylene to dissolve the paraffin. The sections
were examined with a fluorescent microscope. Further details about the

method can be consulted on Fuxe et al , (1970), or Fa]ck and Owman (1965)

2. The acetyl-thio- choline nethod for cholinesterase

The behaviour of cholinesterase can be explained by postulat1ng -;mg
that the gcgive si;e of the enzyme cont;ins fwo subsites. The first of
these is an anionic site which binds, and thus orientates the basic group
of acetylcholine (ACh), and of related compounds. The second sybsite
ontaining a basic group is considered to react with the ester bond 7
of ACh-during the hydrolytic process. The formation of the enzyme sub- \ :
strate complex is’the -first stage in the proposad:reaction which proceeds
asif011nw;: l' | S : ' _ N
ACh + enzyme ——* acetyl-enzyme ; choline
- Acetyl-enzyme + H,0 —— CH;-CPH + enzyme .
Acetyl-thio-choline (Ac-Th;CH) is hydrolyzed by cho]inestera;é at
a more rapid rate than ACh- itse¥f. It is presumed that the increased
fﬁtﬁ’bf hydrblySis is due tJ the C0-S-linkage being'weaker than the C0-0- .-

l1inkage of ACh

(a) Description of the Ac- Th-Ch method used 1n the presen; research:
AcThCh 1is hydrnlyzed by both "true” acetylcholingstenase and by non-
specific chorﬂnesterases Acéty] thio-cno1ine'iodide (20 mg) was dissolved
in \0 ml of a stock solution containing copper. Su1phate (0.3g), giycine

(0.3759), magnesium chioride (19). naleic acid (1.75g), 1N NaOH (30 mi),

W




I 216
and a saturated solution of disodiuu suibhate (170 mi)." Longitudiﬁai
irozeﬁ sections of the crushed nervet 15 u thickness, were incubated‘in
the above medium at 20 C for 3 hours.” After that time. the sections were
rinsed in 2 or 3 changes of saturated Nast4 and 1mnersed in a dilute
soiution of yellow ammonium sulphide. +0n hydrolysis of AcThCh the
iiberated ThCh presumably reacted with ‘the copper salts to give 2
reiatively {nsoluble product. i.e. copper thio- choline, which subsequent1y=
reacted with ammonium Sulphide to yield copper sulphide. The latter -

appeared as dark brown spots. Thus sites of cholinesterase activ1ty were

stained darkfbrown. For further details see Gomory (1952).

"3, Description of the pperations performed

Salamanders were anesthetized in 0. lg ﬂq 222 as described
oreviously (Part 11-A8). An incision- was made JuSt in front of the-ilium
bilaterally, and a trough was made in the muscles until bath nerves 16 "
were exposed and carefully freed from the surroundigg‘connettive‘t)ssue_

t

with a glass rod. The right nerveﬂlﬁ'was-exposed,to.colchiciné solutions
(ranging from 0.0254 to 0. 1d) for 30 minutes; after that.time. the'exoess_
. solution was washed with 2 mi of amphibian Ringer. The left nerve 16 uas:
exposed to amphibian-Ringer only. One hour later both nerves 16 were

' crushed about 1 o from the mid]ine with a fine uatchmaker'forceps. tbe
wounds were Ssewn up, and the siiamanders were allowed to recover from

i anestbesia " Four days later the salamanders were anesthetized again with
0. l! M5-222 and both nerves were removed and processed'éither‘to.demonj

strate catecholamines or cholinesterase as described above. The portion

of nerve 16 {nciuded about 1 cm on each side of the site of crushing ':;
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Eight salamanders were used for demonstrating catecholamines and 6 sala-

manders for cholinesterase,
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different colour appearance.

part V1-C ~ RESULTS

»

1. Observations on axonal transport of catecholamines

In untreated nerves processed according to the Falck-Hillarp

‘technique an accunulation of a strongly fluorescent material was observed

proximal 16 the site’of the nerve crushing {(Figure 6-1). The fluores-
cence was present preéumdbly. {n unmyelinated axons of noradrenergi;
neurons. The accepted 1nterpretation -of this phenomenon is that cate-
cholamines (CA) are continually transported from the neuronal body
towards thc periphery. and the disturbance of -this transport system
caused by nerve crushing resulted in"the piling up of the fluorescent CA.

b

In nerves that were treated with 0.0254 colchicine there Was 3 -

(o]

considerable reduction in the amount of fluoreécent material that accum-

'ulated proximally to the site of _nerve crushing (Figure 6-1). but some _ o .

flyorescence c0u1d still be observed. In nerves treated w1th 0 054 col-
chicine there was a further ﬁeduction in the accumulation of the fluor-
escent material, but a small amount of it -could-still be detected.

Treating nerve 16 Hlth 0.1M cq};hfc1ne resulted apparently in a comp]ete .
absence of the fluorescent material. In_the -photographs 2 certain amount
of noh-specific flyorescence can be seen. This is a character15t1c phen- .

¢

omenon, and easily distinguished in the microscope because of 1ts quite

Conclusion .

The results showed that in untreated'nerves there was ah"accumu-

~ lation of a 5trongly flyorescent material, 1.e. catecholam1nes prox1ma1 to

the site of nerve crushing, and this is consistent with the view that CA

218 - . o
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FIGURE 6-1

L]

-

Effect of acute aﬁplicatidn of éolchicine solutfons for 20 q}¥x
to nefvells {see Methods), on axoplasnic transport dt CA. The prosi—::
end bf the nerve is at tﬁe 1eftjﬁ each pfeparaticn; ;hé RArromed 2ori
the nerve indicates tﬁe site of nerve cru;gThg. The untreated or contr.’
nerve shows an'acCUmglatioh of a strongiy fluorescent materigl, i.e. <2
Lholsmines..pFoxiral to the site of nerve crushing. Scch.an acCuﬁu?z?{.'
décrgased progressively when the nerve wdg treated with the varicus
different concentrations of colchic{ne shown in m4 below each photomir -
Igraph.' The fluofescence proxiral to the site of nerve crushing s nes-

‘ligible in the case of 100 r# (see text for‘?fscr1ption).

a !
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are continually transported along nerve axons, pre5umably sympatﬁetic

cnes, and the pi]ing up of CA resulted from the block of transport

caused by nerve crushing Co1chicine.1n doses rarging from 0.025M to 0. 14,

.faused 3 %Yogressive reductiOn in the an0unt of fluorescent material

‘ which aCCUﬂulated .above :ﬁ} site of nerve crushing With the highest

ose (0 1M colchicine) the fluorescent material failed to accumulate at .

/
all. Thus. colchicine in, a fairly dose- dependent manner, blocked the

axoplasmic transport of CA and preSumably. therefore, of other substances

carried by the axonal transport system. ' ' ’ - -

2. Observations on axonal transport of cholinesterase

In untreated nerves processed by the acetyl -thio-choline method
for cholinesterase. the accutulation of a reaction product giving a deep
brown staining was observed proximal to the site of nerve crushing {thure
'6-2). This staining,as disCUssed aboee.nregresents the presence’ of
‘choltnesteggse. As with the. CA results, this indicates that cholin-
esterase is norcally transported along nerve fibres in'eaprOximo-&Hstal
direction, and the block caused by nerve crushing resulﬁed in the accumu-
lation of cholfnesterase above the region of the crush. | )

Treating the nerve with 0.03M colchicine reSulted in a considerable
reductibn 5n this accumulation of cholinesterase aEr&eity. as can be seen
froo Fﬂeure 6-2. The reSuIts of experiments in which various doses of col-
chicine -ere used showed that 0.0ZSH'colchieine was ineffective, and 0.1M
colchicine was not significantly more effective th:n 0.5M, as observed

with this technique. However, it should be noted that this test, even

more than the flyorescent one for CA was essentfally qualitative, and in




FIGURE 6-2
Effect of acuté application of 0.05.‘; colchi_c"iﬁe- on the.axonal‘

transport of cholinestgrase. The -proximal end of the nerve trdﬁk.is'at'
the left in each photomicrography™ the narrowed zone indicates the site

of nerve c.-ushing. 'The'c0n{ro1 or.untreated nerve (lowef pikture} shcwﬁ.'
the accumulation of & darkagtaining material proximal to the site of the
lnerve crush, indicating an accumuylation of cholinestérasc activity.
Treatihg the nerve with 0.05M colchﬁciné for 30 miﬁutés résulted in a con-

side#ﬁblc decrease in this accumulation (upper picture). [’/’l
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this 1nstan;e it would be over:interpreting the resulits to suggest that a

dose-dependent-effect of colchicine was detectable.

Conclusion
The acetyl-thio-choline method for cholinesterase showed an

aCCUaUIation of a dark_staining material, i.e. products of chbiinesterase

activity, above the site of nerve crush if control nerves. In nerves

treated uith 0.05M or O. IM colchicine, for 30 minutes. 1 hour previous to

crushing such accumylation was significantly decreased 0 025M colchi-

c1ne did not produce suth effect These data are 1nterpreted as evidence

~

of the blockade of axoplasmic transport of cholinesterase by concentra-
tions of 0. OSH colichicine or nore. and presumably of other substances

carried also by the fast axoplasmic transport system.
. ? N . ’
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_part VI-D DISCUSSION Of THE HISTOCHEHICAL INVESTIGATIONS ON THE AXOPLAS-

| MIC TRANSPORT OF CATECHOLAMINES AND CHOLINESTE-RASFE
The most acceptaple interpretation of the findings_that-there'was

an accuzulation of catechdlamines and cholinesterase’ proximal to the site

of nerve crushihg fs that these subs ancee are continually transported

from the cell body toward the nerve U }1ﬁ 1s. Similar results have'been
reportéd by Dahlstrom (19715) using the fluorescentrmethod for catechola-
nines {n rat sciatic nerve, and by Banks et al. (1971a) in the inferior
nesenteric ganglion/hypogastric nerve.of rats using spectrofluorametric
determinations for catecholamines. Likewise, Lubinska and Nimierko (1971)
using deterninations of cholinesterase activitj, detected an 1ncrease of
such activity at both ends of isolated nerve segments.: These authors con-
cluded also that the accumylations of catecholamines or cholinesterase ap
the site of nerve section was evidence ofﬁ?he axonal transport of such -
substances. . ' ' ; |

“In the present studﬁes: the app11cat10n of colchicine solutions
(0.03M to 0. IH) resulted fn an approxinate1y dose-dependent decrease in
the amount of catecholamines ypich accumutated proximal to the site of a

nerve crush, and alth0ugh not so evident, there was some suggestion that

this applied also to cholinesterase

It §s conceivable, then, that the proximo-distal movement of other

Fa

substances carried by the axonal transport system was also blocked. From

our data i1t is not pqssib!e to calculate the transport rate for cate-

cholamines and cholinesterase; however, this has been reported in several

~
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'egperjcental models (see Part VI-A-6 and 7), and it is accepted that cate- 3
rcholamineé‘and cholinesterase are both carried in the fast phjfe of

axcnal transport. It fis inferred therefore, that colchicine 2t doses

rang\ng fron 0.034 to 0.1M blocked the fast axoplasmic transport of
;aterials in the right nerve 16 of salamAnqgaf which received such 2
treatnent. Xhile these results do not show whether the slow (2 mm/day)
axoplasaic transport‘p?-paterials was also.bloéiedepy colchicine, pre- )
iininary experiment& in ;his laboratory {Cqoper and Diamond. personel.
ca:n;nicaeion) heve shown ;hat.after treating right‘nervé 16 with 3H-
coichicfne for 30 pinutes, a wave of radicactivity moves down the axon at
a rate of 1-2 mm/day. Such fiﬂding suggests that colichicine, by its known
property of binding to mierotubule prothip (Davison.and Huneeus, 1970) may
have label\ed the microtubule protein which was present in the region of
nerve which was exposed to 3H colchicine, and that subsequently such
labelled protein or perhaps even taggeg microtubules moved along the

axons with the bulk of axoplasm at 2 “glow" rate of 1-2 mm/day. Also,
since the"ultrastructural studiee on colchicine-treated nerves Isée;fart
V-8-4) showed that 5uch treatment resulted in a signifidant decrease in
the nusber of microtubules. it is conceivable that these structures are
continually dissembling and reassembling. and that colchicine-bound
nicrotubule protein is prevented from forming microtubules again (c.f.
Rodriguez et al., 1968). Taken as a uhole. the results support the
suggestion that microtubules are involved in the mechanism of fast axo-
plasmic transport cergs;ply of catecholamines and cho]inesterase (Dahl-
strom, 1971a). 7o sunuarize. the data presented in this section show that

the colchicine doses used to bring “about the 1ncreases in touch-receptive
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“fields of nerves neighbouring the treated one; were in the range which
caused interference with the fast axoplasmic transport of materials in ’ .

the affected nerve: The significance of this will be dealt uith in the -

final Discussion. o : ) S SN




Part VIl EXPERIMENTS IH QHIQH MERVE 16 WAS SECTIONED

" AMD NERVE 15 WAS TREATED WITH COLCHICINE

. :

lt ua§ observed in a few individual éxperiments.that after treat-
tng nerVe 16 with colchicine. nerve 15 increased its sensory field of
{nnervation but nerve 17 did_not. It seemed concejvable thaf’colchicine
:aj have diffused to nerve 17 but not to nerve 15, and that the coTchi-
cine uhich may have reached nerv;l17 may have been CAusing another phenom-
enon to be revealed, amely that colchicine may inhibit nerves from
sprouting.  That possibility seemed likely since the distance between
nerves 16 and i7 {s shorter than the distance between nerves 16 and 15.
L1so between nerves 16 and 17 there is only a 1oose connective tisSue.
whereas betueeﬁ nerves 16 and 15 there is a consideraple muscular_mas§

In order to test the po;sibility that colchicine may have diffused

in significant aounts to nerve 17, a snall group (n 2 3) o} salamanders .

© was prepared ‘as {f to recefve a colchicine treatnent of nerve 16 as des-
cribed in Part 1I-A-2, but instead of a cp1ch1cine solution, the nerve
was eiposed to amphibian Ringer cbntaining 0.01% methy1éne blue %or 30
ainytes. After that time. 3 careful dissection of the 1imb plexus was 2
Dérfofmed. It was found that the tissues (n the {mmediate vicinity of the
" trough oade to expose nerve 16 were stained «ith a deep blue colour:
Toward the placé Zhere the branches from nerves 1§ and 17 joined to“form
the hind 1imb plexus it was found fn“exg?t‘bf the .3 cases Fhat.the

. surr0und1ng connective tissue had a very faint blue colour. However, nO

such staining was observed in the vicinity of nerve 15.

228
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It was possible, therefore, that in some cases a smali but in-

determinate amount of colchicine may have reached nerve 17 ra

nerve 15. 1n order to test the possibility that colchicine/might inhibit

3

sprouting, experiments were performed in which nerve 16 was sectioned,

and in addition, nerve iS was tréated with colchicine. HNormally nerve 15

-~ - ] N -
would respond by sprqyﬁing in such a situation. The experiments there-

fore tested the ability of colchicine, appiied direct%y to nerve 15, to.

interfere with this response.

¥
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_ part VII-A  METHODS - | "

)

Nerve 16 was sectioned and tied followlng a procedure 1d¢nt1cal

<
-

to that descrived in Part I1-A-2. A second medio-lateral,incision qu
© performed 1; front of the wound made fo é{pose nerve 16, and a tfough
was cade -in ihe wuscles so that.nerve 15 was exposed, and then care-
fully freed of connective tissue using a glass rod. Nerve 15.was then
bathed 1n 0.05% or 0.1M co]chicine for 30 minutes Aftér that time, the
excess«solution was washed with appr0x1nate1y 2 ml of amphibihn Ringer

and both wounds were sewn up. ' l o

.
-t
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Part ¥]1-8  RESULTS

1. Behavioural observ9t1ons

These salarmanders were observed during a. period ranging from 12 to
23 post operative days It wa%}observed that they showed either ;oderate
~ {3) or severe (4)" degree of limping, and in contrast to a]l other types of
'operated and/or treated salamanders, they never recovered a nonna] pattern |
of walking durinq this observation period Furthernore from Figure 7-1
it uou]d seexs that limping nay indeed have increased with time, at least | -
in some of these anirais, siice during the third week of observation these
sala:anders showed either moderate (3) or severe {4) degree of Iimping

In all other groups for 1nstance salamanders in which nerve 16

ws cut sooe recovery from limping aluays was apparent from the 14th . o

post- operative day onuards These behavioural observations therefore .

bt

strongly suggested that certain ccnpensatory nechanism(s) ‘were preVented-
from operating in the present group of animals. Clearly, this must be

related to the coichicine treatment of the nerve adjacent to the sectioned

. , R . T
one. 7 - . - . o

- . ‘ .

2. Kappingﬁexggriments ) _ %
; " salamander $-32 15 an exaople from this group. The mappino was
performed 14 days after section of right nerve 16 combined with treatment

of right nerve 15 with 0.05M colchicine for 30 minutes. The areas of skin

2
innervated by nerve 15 were almost identical on both sides, 1 .e. 212 mm

29

on the right side and Zﬂﬂ.mmz on the left. side. The Surgicajlprooedure

! o ’ ]
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FIGURE 7-1
.
W
N

. Behavioural observations on a.salamander {S;IQQ in which right
nerve 16 was cut and right nerve 15 treated with 0.05M colchicing for- -
.30 minutes as described in Methods. MNote that the degree of limping
became worse at beginnhing of the 3rd post-dperative'%gek; by that tire
~in salamanders in which only nerve 16 was cut, normal walking was restore
even after an initial “severe" 11mpin§ﬁ?comp€re Figures 2-8 and 2-9). The

ordinate represents the degree of lirping (see Methods) and the abscissa

the post-operative period in days. 2

N
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of cutting and.tying the right nerve 16 had totally eliminated its field
of 1nncrvation Rerve 17 had increased 1ts area of nervation on the
right hind Iimb. it now innervated one toe more on thé right side plus
a stightly wider area of hind limb skin than did the left 17th nerve.

The ‘actual area innervated by the right 17 nerve was 308 mm2

left supplied an area of 376 hnz.

, and the
Ho‘change was detected in the motor
fields, except of course that the right nerve 16 did not innervate any
suscle. . | ‘
' In this example, then, after partia] denervation pf the hind limb
by cutting nerve 16, nerve 15 (which was treated with co1chicine) dﬁg\not
enlarge its peripheral fields, while nerve 17 (untreated) did appear_}b
'have sprouked. This experiment strongly suggested that colchicine dtd
1ndeed 1nh1b1t nerve 1§dfr0n spr0uting in response to the adjacent dener- .

vation. o

3. Statistical analysis/ b

The data corresponding to the set of experiments in which nerve 16
-;s sectioned and nerve 15 was treate¢ 'ithfcolchicine has been a2ssembled
fn Table 7-1, and has been plotted in Figure 7-2.

it is apparent from the data that the only® significant change was
an increase in the sensory field of right nerve 17 after section.of right
nerve 16 and treatment of right nerve 15 with colchicine. The colchicine

bt : . .
treated nerve (15) did not increase its area of skin innervation.

2

A

i)

o
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TABLE 7-1

CHANGES 1% TOUCH-RECEPTIVE FIELDS

Nerve 15 o : Nérve 16 . Nerve 17

-4.32 + 3.68 - 25.84 + 11.52*

CHANGES 1 MOTOR FIELDS
. ’ ' . (

0.0+048 - 0.603%0.40

Changes in peripheral nerve fields after section of right nerve

16 and at the saze time treaging right nerve 15 with colchicine This =
set of experizents includes the results from 13 salamanders. The va]ues
given are-the average'(i SEM) of the différence of\inﬁervation\fie]dsr"
between right and Jeft nerves of an} given pair.*ﬁThq sensoerf{e1ds are
91ven‘h1cn2 of innervated skin, and the motor fields/as the number of

myscle grOups Significance of the difference is irfdicated’ by * P <0.05.
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and in {b) the difference (right minus left) in the number of muscle

»
~
t

FIGURE 7-2

Effects of cuttiné right nerve 16 and et the same time treating
right nerve 15 with;O.lH'colchicine for 30 minutes on the size of peri-‘
pheral fnnervation fields. In fa) orqinatefshows the difference in the
size of t0uch-:ecebt{ve‘fields in mm’ of skin (ridﬁt side minus Ieft).‘

groups innervated. The nerves are identified by their respective numbers.

- The height of the bars.represepts the 'average (+ SEM)} of suych values;

. the broken lines indicate that the fields of right nerve 16 were preseqt

Significance of difference is iqgicated by * P <0.05. Compare this Figure

with Figures 3-11 and 4-7. - !
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part VII-C  DISCUSSION

Colchicine prevented the increase in fieId.size_of nerve 15 which
norially would be found after section of nerve 16. A similar prevention '
rof spr0ut1ng of nerves in response to the stimulus provided by adJacent e
denervation was made by Hoffman (1952). Related_findtngs have been made .j ///
in the goldfish (Grafstein, 1967, 1971; Grafstein and Murray, f969). ﬁn

the optic nerve the rate of axoplasmic transport of proteins is normally -
.0.4 tm/day (“slow*) and this éL?: increases- 2 or 3 times by the 8th day
after optic nerve section, when the regenerating axons-retonnect with the
'tectun Presumably this 1ncrease 1s important in providing materials for
laying GOun new axoplasm These workers fOund that a dose of 6 ug of
‘colchicio applied intracranially (ab0ut 0.2M) was able to abolish both
the nerve outgrowth, and to decrease the rate of axop1asmic transport
beltw normal levels. Surprisingly. with a dose of 3 ug 1ntracran1a]1y,
PUL;roWih was not blocked in any of the 5 animals examined, but axoplasmic \ ;
" transport rate was reduced in 3 out of 5 animals to ab0ut the same degree u
as with the 6-ug dose. It would have peen interesting to have known for
how long 0utgrouth copld continue in the absence of supply of materials.
transported by axoplasmic flow. ' |
The conclusion from these studies is that colchicine, in addition

to creating a situation whereby adjacent untreated nerves sprout, also
prevents sprouting of a treated nerve in response to section of a

neighbouring nerve. This will be referred to again in the Final Dis-

~cyssion.




part Y11l EXPERIMENTS INVOLVING PARTInL CAMAGE -TO HERVE 16"

As has been shown, the brocedures both of complete section of.
nerve 16, and of t}ea:ment of nerve 16 withlcolchiciné. caused nerves
15 and '17 to increase their cutaneous: fields of innervation presunab]y
_by cotlateral spr0uting. The morphologica1 and elettrophysioiog1ca1 -
.1nvestt§ations showed that the particular colchicine treatment used did
not cause Wallerian degeneratioﬁ of the‘treaied nerve. [t was postulated
that the increases of peripheral nerve fields was related to the blockade
“of axoplasmic transport of materials which certainly fﬁcurrea in the
affected-ﬂerve. and which presunably included a “trophic“ substance
norrally peruced in the neuronal soma and continually 5upp11ed to the
periphery. 4 |
This “trophic” factor then would be concerned with the requlation

of nerve ficlds, and when the 5upply of this factOr i3 reduced adJacent

nerves sprcJt and fnvade the territ

y 2& the treated nerve. It can be
argyec, howeser, that 'while ther was ‘ng ob/ious. Wallerian degeneration )
in the nerve trunw of the co!ch1c1ne treated nerve, perhaps scme degen-
erative chvngos ray have OCCurred at nerve terninals. results which c0u1d
be 1nterpre‘ d in this uay have been reported in the visual system of
‘pigeons after 1njection “of colchicine by Cuenod et al. (1972} This
postulated dcgeneration could be the cause of the sprouting: in the adjac-
ent intact fibres.

These consideration; sqggested the need to do experiments in which

some of the fibres'of nerve 16 would be deliberately damaged, and the

SUNE | 239

[




<,

240

e

resultant changes, if any, in the peripheral nerve fields compared with

those found after the expcrinental procedﬁres already studied. A-gr0up | ) -t

of 6 salamanders was studied, therefore, ‘at the 3rd post- openatlve day,
when sprouting has not yet occurred, and another group of 8 salananders
between the 12th and 22nd post -operative days (14 days on the average)

when Wallerian degeneration would be expected to be well advanced, and

“collateral sprouting, {f any, well established. .

¢ ——

A
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Part VIII-A HETHDOS

A medio lateral incision was perforned Just in front of the right
1hiun, the ruscles in front of the bone were carefully dissected with

watch-zaker forceps until spinal nerve 16 was exposed and the nerve trunk

W5 then carefully freed from the surrounding connective tissue us1ng a

glass rod. The' nerve was then deltberately danaged in one of 2 ways:

(1) by tying a thread loosely around it until obvious damage was apparent,

r (2) a partial secing af the nerve was pefformgd. in which 30-50% of
the diameter of Lhe nerve trunk was sectioned. |
These op;ratibns uére"performed after anesthetizing\the sala-
nanders with 0.1% M5-222; the uound syturing and post- operative care of

the salamanders was 1 entical to that described previously in Part 11-A-2.

281 .
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part VII1-B ~ RESULTS -

~

1: Behaviqural ohservations - .

Dur1n§ the fifst 3 pbst-operativé days most salamanders (11 out
~of 14) presented slight (2} degree of 1imp1ng;‘ of the remaining-animals,
one did naf’lgmp'af a]l. one presented only minimq] limpiag.'ahd tﬁe
third, a ooderate or (3} degree of jimping:. By the 5th post-operative
day those anirmals which were kept fof 14 days mqstiy showed minimal (1)
Tizping and after the 12th post-operative day.only ;inimal (1) or ro
11cp1ng at all.. Ar exa;le from the latter experimental group is shown . ‘
in Fiqure 8-1, and it fs apparent that this salamander showed & faster
recovery “from moderate to minina] limping over the 1st post operative '
week than salaranders in which nerve 16 was completely cut and tied (com- ;;
pare with Figures 2-8 and 2-9); also by the 18th post-operative day had

recovered norral walking.
, . _ .

-

2._‘ngptng experiments

(3) Individual exarples Sa]amander'(n-a) is an example of the group

examined on the 3rd post -opérative day Both sensbry and motor fields of
nerves 15 and 17 uere b&laterally syrmetrical Right nerve 16 which
underwent section of appro:imate1y 407 of the diameter of {ts nerve trunk“
showed right sensory and potor fields which were markedly smaller than
those on the left, unoperated side. On that side, nerve 16 1nnervated the
" whole skin of the hind 1imb. On the right side nerve 16 fnnervation uas
abﬁent from an area comprising the posterior third of’ calf skin and the

P
o
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FIGURE B-1 ;

Behavioural observations in aT;alamander (D-1) in which about Sdf
of the 16th nerve trunk was sectioned. = Hote that'durfng the first post-
operative week there was a dramatic, recovery frgm "moderate” to "minimal”
1imping, arid that at ‘the 18th ﬁoSt-operative day the animal had recoverec
normal walking. Compare this result with aetypical one from a salamander
in which rjgﬁ{ nerve 16 was completely cut and tied-(Figures 2-8 and 2-G).
Ordinate represents deérées of 1impipg, and abéhis§§. post-operative pericd

in days.
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42h and Sth toes. This anOUnts L0 apprcxinate1y 20' of the area inner-

:ggcq'b;.tné’;pntrol side. On the rotor sxdé. !efg nerve 16 1nnervated
311:7 musc{es that were sa=pled, uﬁereas right nerve 16 1nnervated only ).
t ! then, 'his 1s equivaient toe a 1oss of 43% of the nuscln'grOups
snsnrvatcd by the-contrdl side. L : ] ' . ' 7
1t 15 evident from this e:afple that at the 3rd pos‘tiqggt;ative~
~day after partial sect10n of right nerve 16 there was a considerable de-
7 crease 1n.the size of thc peripheral {1elds of 1nnenﬁ$tion_of the i
paE11;11y damaged nérvé. |
Salamander (16-“5) is One exampie ;rcm the group of éxpé?iments
Dcr‘orzed be'ween 12 and 22 days after partial‘damaon ~f nefvellﬁ. In
this salanander about 501 of the diameter of the nerve trunk was sectioned.
This exarple is particular\y {11ustrative because nerve 15 on the J .,
unoperated side did not innervate any- toes at all uhich falls into the '

category of “small”® tosch- receptive f1e1d of . 1nnervat10n of nerve 15. 1t

‘- wiyld be expected therefore. that th1s salanander ‘would have shown 2

: | .
clear cut 1ncrease in the ares of skin {nnervated by nerve 15, if the

latter uOuld have sprOuted A corparison of the nappings of right and

ieft sides, ho-ever shoued that neither nerve 16 nor nerve 17 had

* increased their areas of cutaneous 1nnervation Right nerve 16 ‘showed an
r

area of skin. 1nnervation that waS 28 mn2 smailer than that of the left

S*de. which may fndicate a small. _reduction in its ;Ouch;receptive field.

The motor fie!ds of innervation were jdentical on both sides for alil

given pairs of spinal nerves.

These‘experiments showed that if nerve ve 16 was partially damaged,

it appeared to regain its field of innervation, uhile the adjacent nerves
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(15 and 17) did not take over ':he initially denervated terr.itory_

\b) Stabistica¥ ara!y'13 :
P - o

The data concermng Jse groups of expernénts in which nerve 16-
» dcl1bcrate1y darAch has teen plot’ec tn Figures 8 2 and 3-3. '
It can be seen from these data that at the 3rd post- operat1ve
day after _partial section cf nerve 16 there was d significant decrease in
wath 1ts touch-receptive and 00T Helds; + the adjacent nerves, ‘however,
¢14 not show any sigriiftcant changes at that time. By the ldth post-
ceperative day. however, nerve 156 had recovered syrretrucal fields of
';n.'-.'e.rva:\on. and the difference befween right ‘and left sides was no; sig-
”n1f1ca¥t (Yevel of significance ? ».0.05), neither”in the motor nor the
. sensory filelds. Only the touch- receptive field of nerve 15 showed 2
s:.:.aH though signifiunt (7 €0.05) tncrease in.the size of 1ts f‘ield.‘ On ‘
’.hel mm.r.sic_e, ar 18 days (on the average) after partial section of

right nerve 16, all three nerves innervating the hind 1imb showed

rilaterally symmetrical fiolds of innervation. ' ' .

~ .
L : s




FIGURE B-2 .
~ ‘ /o'

Effects of partial damage to- right nerve 16 on the size of toweh-
receptive fields of hind ]1ﬂb nerves. ({a) shows the changes f0und at tre
.'3rd post-operative day (n = 6), and (b) the change§\i?und at the 14th past-
. operative day (n = 8) It is.apparent that the nerve lesion caused a cor-
siderable decrease initially in the touch receptive {ield of right nerve

16, but that this had re@overed 1ts'normal_size by the l4th post-operatmve
. T

day. On the other hand.inerve'ls ;hOwed a small though stgnificant

increase-in the size of its touch-receptive field at the 14th post-

K

operative day, 2ven more important, 16th nerve regained.aibilateral -

symmetry of 1tsrperipheral'nerve fialds. Ordinate represents the differ-

ence in area of skin (mmz) innervated between right and left pé}ves;' the

. " bars represent the averase {+ SEM) of such values, &nd nerves are fidenti-

v

. N . : - .
fied by their respective nurbers. Difference of significance is-indicetel

uiiy- P <0.05. L o |

. . . N,
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. | FIGURE 8-3 - I

fffects of partial damage of right nerve 16 on the size of

-

motor fields of fnnervation of hind limb nerves. (af shows thé changes
‘Gund uk the 3rd post- operative day (n = 6), and (b) the changes found
8t the 14th post- opeva?ive day (n = 8) It is apparent thaf—the nerve
lesion caused o considerable decreast in the‘motor field of innervation
of_right nerve 16 initiaily, but by the 14th post operative day the
‘ patter% of ootor inﬁervation was sini1ar to that of uqoperated sala-
:anderﬁ. Ordinate represents .he difference in the nunber of ruscle
groups 1nncrvated bctween the right and Teft nerves. _the bars repre-
sent the avqrage (+ SEP) of such values, and nerves are identified by’
their regpective nu“bers The broken 1ines indicate’ that the average'

(+ SEM) had a value of zerge D\fference of significance is indicated

by * P <0.05.




sart VI11-C  DISCUSSION
‘A comparison of the results obtained afterlcomplete section of |

nerve 16 nith those obtained after elimination of an estimated 30-50% of
its fibres showed strikinq differences. AS was descr1bed in Parts 111 .
and IV, after corplete cection of nerve 16 (which was prevented from
regenerating because & tie was applied to the pr011ma] stump) both
.nerves 15 and 17 increased their cutaneous 2and motor fie1ds of innerva-
tion; theef changes were Of considerable magnitude and highly s1gn\f1-
cant. Also the pattern of changes in the CutaneOus peripheral fields of
. {nnervation were very ¢imilar after complete section of nerve 16 or |
after treating nerve iBIHith cholchicine. On the other hand, after
partifal elinination of nerve 16, only the sensory f1e1d of nerve 15 |
srowed @ —oderate increase 1n its area of innervated skin2 Of the éreat-
est significance is that total section of nerve 16 (with tying of the
pra:i*al s;ump} cAUsed a continued total loss of its peripheral motor
ard sensory fields, while partial elimination of 30-50% of "its f\bres.
though causing an initial significant decrease in the per!pheral fields, .
s f0110ued uithin 2 weeks bY virtually complete recovery of the.norwal
notor and sensory {nnervation pattern. ,

/ This would 4mply then, that the factors responsible for the appor-
tioning of territory =3y be QUalitatively different for each nerve, whuch
-duld atlow 2 preferential matching betueen soyrce of the nerve end1ng

and target‘organ. In this respect, relevant observations have b%en rade

in A. méxican&ﬁ by c:;; 55_31 (1973) in which & denervated mu cle group

250
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“~.jother hand, pupil dilatation was evoked when the regenerated fibres (r.c.

l.;

received innervation from adjacent nerves in a "patchy” fashion; How-

- 251
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ever, uhen the reqenerating fibres reached the partially denervated area,

'he ‘patches of foreign innervation diminished in size and eventualiy .

-
Hisappcarcd

Similar changes have also bepn observed in the superior cervical

ganglion of the cat after partial section of a nuwber of the pre-

ganglionic branches (raﬂ1 cocrunicantes Ti-73) by Guth and Bernste1n

11961} . In that case, ‘the intact.pre- -ganglionic fibres (r. c.Tq) sprouted

and foroed functional connections, since now electrical stimylation of

these pre-ganglionic fibres evoked pup11-dilatation on the partially

: denervated'side. bjﬁ/ROt on the control side. Whe
qanglionic fibres were allowed to regenerate. the
fron the undanaged pre- gang1ionic fibres apparentl
changes. since electr1ca1 st!rn]ation of their pre‘

{r.-. T4) did not evoke anymore a pupi!} dilatatipn

%

=ediating pupil dilataticn.

the axotomized pre-

1lateral sprouts
jynderwent regressive
anglionic branches

esponse. On the

. There are two possiSle explaﬁationé of these results, bqth of

'which, however, require that in the

face of competition from nerve 16

sprouts, the potential sprouting and taie-over by nerves 15 and 17 is

apparently not reatized: (1) the cut and damaged fibres of nerve 16

reQenerate to 1nnervate their origina] target areas; or (2) the intact

remaining fipres of nerve 16 Spr0ut
fields of nerve 16. possibility (1

periments Stirling (1976a) found th

and take over the full original

4

. T1-T3) were stimulated. j.e. regained control ovef those gangliion cells

N .

} is unlikely. sinte in similar ex-

at by the time regeneration in the

»
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seriphery had occurred, @he fields of the adjacent nerves 15 and 17-had
- aiready cnlarged to fill the reg\On denervated by the proc dure of
trushing ‘the nerve 16. It seens. therefore, that 1n the Present experi-
~ents, the intact fibres of qerve {g sprOuted in the peerhery, and

S \

successfully prevent, the” T%lﬂpb0urirj ruaves frcm forming sprouts

’ .
‘\

it is conceivable that thé latter sprOutg were not even developed, ‘or

alternativeiy they never becane functional. .
\ To sunnarize. the pattern of changes observed 1n the size of

pé}ipheral fields after colchicine treatment and after partial section

of nerve 16 are so different that it seams ﬁnljkely that the collateral

sprouting after colchicine could be ;ttr'buted to a éegeneration.of nerve

fibres eQuivaient-to surﬁical.sectton of about one'half of the axons of

the nerve trunk. - However, an ultrastructural study of sensory nerve {

eﬁdings and endplates after colchicine-treatment needs to Be done in the

fytuyre.

-




Pﬁrt_ll © FINAL DISCUSSION

:

h;;zjinvqstigAiions described in this thesis have shown that acute
appltcation of colchicine solut1ohs,t01the-princiqal nerve of the ‘

salazander hind 1ird mimics the effects of cutting that nerve, in that

-

the adjacent neives increased the size of their touch-receptive flelds.
this was assuned to OCCur by collateral sprouting (see Part 111). This.
response was not ‘due tg 2 funct:onal def1c1t {Part II) or to Ha]]er1an :
degeneration in the treated nerve (Part V). The colchicine treatment

caused a .significant Je.-ease in the axoplasnic transport of catechola-
. _p" K
pines and - cholinesterases (Part V1), and presunably of other | substance;;

K4

carried by the fast phase of axoplasmic transportn o

-




oart 1X-A  THE .MEUROTROPISY HYPOTHESIS I[N RELATION TO COLLATfPAL

SPRCUTING

Taken as a whole, these exper1nenta1 findings are consistent
~with the concept that trophic factor(s) are continually supplied to.the
periphery by means of fast axoplaSm\c transport system. their role
__would be in the regulation of the size of periphera] nerve fields. Tﬁis;:
hypothesls of course. rests on cirCUnstantial evidence, but offers a
reaSOnable explanation of the known facts, and it is amenable to further
" experioentation. It 35 .ttractive also in that it is consistent with an
explanation far the initial development of epithelia] nerve-fie]ds in
the ecbryo which was originally proposed by Ranon Y Cajal (1919}.

Outsténding features of the phenonenon of cd?ﬂateral sprouting

-

are its iocal nature, and the early contact which can somet imes be estab-
1fshed bctueen the outgrowing nerve collaterals and neﬁrby cordony of
DFO‘1ferating\§chuann cells (Edds, 1953). These observations 5uggest
(see.for inst;;ce Hughes, 1968) that Schwann cells may release @ substance
'-tha{ stirulates nerve.growth, and uhich would direct nerve spr0uts toward
" the target tissﬁes; -1t cperms that at least the stimuTus for sprouting
mst be of cheatcal nature the 4ireton of subsequent growth. however .,
can §n many instances also be explained by a contactrguidance phenomenon
(Weiss, 1955).

" since collateral ﬁprouting js a self-1imiting process, it ig con-
ceivable that nerve sprouts ypon contact with proliferating Schwann cells

or denervated tissues “turn off the stimulus- producing mechanism(s)
' 254
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‘(see for {nstance Edds. 1953). ‘The nature of the mechah{smjs) which con-

rrol the start and end of collateral sproytifig are still highly hypo—

thetical. Hoiever the slime ~01ds (Dictyoste]iun sp.) which aggregate

- and form a sporophore under the action of cAMP might be a relevant model

fn this regard (Bonner et al., 1969). 1t is conceivable that the
mechanisas which have been proposed to explain the(development of the
pattern of cutanedus 1nnervation 1n the embryc, (Cajal, 1919), ma} Ber-
sist in adg}t antoals in that case, sprouting after partial denervat1on
uoold coce to ahuend because the effect of a hypothesized stimulant

substance released by the target tissues becomes neutralized by factors

released fron the nerve fia;es; when a critical equil ibrium fis reached

between these two Substohces no .urther nerve growth would occur and

_the state would theh correspond to the appropriate density of'innervation'

T

needed for normal behaviour. ' o | g .
There 1s also an alternative hypothesis that the observed
fncreases in peripheral fields may be due not to collateral sprouting, but

to the emergencg of f&nction in nerve endings nhich were there from the
begirning. Sut in 2 non-functtonal state {see Part\l). However. this
hypothpsis rests on 1nd1rect evidence; in the recent experiments of Marh
and his collaborators for exarple the critical experiment of studying
the neyrocwscular transmission (of the presumed functionless endplates)
under appfopriote conddtions o%'nerve stimylation was not performed
Their experiments are thus 1nconclusive although consistent with a very
interestinq hyDOthesis For that reason; [ favour the interpretat1on

that increases in nerve f1e1ds after partial denervation are due to
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L311atera1 sprouting, since the latter phenorenon has been actually and
grazbiquously deﬁnnstrated by histological nethods (Edds, 1950, Weddell

[

_j.gl,.71941}. AS meﬁtioned in Part ¥111-C, Mark's findingg, as well as
'he present ones, that after part\ai-damage of nerve 16 the intact

* fipres of the same 16th nerve reinnef;ate the denervated area in
preference to nerves 15 and 17, can be 1;terpreted on the basis of com-
petition for appropr\ate end-sites; inappropriate or foreign nerve
endings are “disallowed”. Mark's interpretation requires the add1t1onal,
" assumption that the foreign nerve endings do reach appropriate)locat1ons
byt recain non-functional, although mogpho]ogically indistinguishable:

_from normal nerve ‘endings.




A

sart 1X-B  THE CONCEPT THAT ~TROPHIC EFFECTS™ MAY DEPEND ON HERVE SUPPLY

4
The observation that after nerve section the dist&} stump of the

*

rerve and the denervated organs underwent degenerative changes {for a

review of the early literature see Cajal. 1928), suggested that the

neuronal body ws 8 'trophic centre which supplied the periphery with

substance(s) which were essential for naintaln1ng the normal structure and

‘function of axonal processes and effector organs. The resu\fs of the *

present 1nvestigation give a strikxng support for such 3 concebt The
follouiné‘einnpies of neurotrophic 1nfluences” Tend further weight to

the. suggestion that trophic factors transported along axons may be in-

volved in so called 'troph1c effects

.
h

1. Ligd regeneration in lower vertebrates

Lower vertebrates like newts. regenerate amputated 1imbs.. Singer
(1952) observed that very ek&jy on, nerve fibres established contact with -
the regenerating blastena ‘and invaded the.0ver1ying skin. However, ~

regeneration dtd not occur in limhs which ueré«deneriated at the time of

azputation. Also, when denervation was performed at early stages of re-"

_ Qeneration* _the jatter process ceased, and resumed only if regenerating

fibres were.allowed tO reinnervate the limb. Limb regeneration was

inltiated‘bnd na1ntatned by either motor or sensory fibres, which indicete

that such fibres do not differ in their 'trophic" capabilities in this

situttion (Singer. 1952} . Sinilar phenomena were also observed in newts

1p‘uh1?h ventral and qggsaI roots had been cut (Sidman and Siqgﬂr, 195}).

: 57 . .

-
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¢howing that central connections .are not necessary for'fhe manifestation
3¢ this trophic function. Limb regeneraiion does not normaliy OCCUr in
:roqs, ¢.9. Rana sp.. 1t does, houever.'éhen o;trganerve; are brouéht
tnto the anputation site. or in those anurans, i.e. Xenopus} yhich‘have
'a larger asount of oxoplasm per ¢ross-sectional area of the limb -, -
{Rzehat and Singer, 1966; Singer et al., "1967). Thooe'roSUIts strongly
suggested that the axOns_supply.pnewacnigporal 1155ues with a factor
which induces l\nb regeneration Ii'sh0u1d be noted, however. that 1imb

regeneration does occur in Iirbs which had: never'had an 1nnervag}on. i.e.

o -

aneuroggnjc 1irdbs (Yntema, 1959) This ‘result suggests that such limbs :
retain a capability of producing growth factors. or.have‘a lower thresh-
old to nor:ally present ones enanatinﬁ”fron other tissues. When an . “
aneyrogenic 1izbd is aIIOued to achire an 1nnerv&;1on for the first time,
?nd 10 days later is awputated 1imb regenerat10n stiIl occurred in about
75' of cases; however, no regeneration was observed when amputations .
were. perforred after the 13th day of nervatlon (Thornton 1968). These

results 1nd1cate that over the short period of a few days, the target

tissues becore nerve dependent 1nsofar as limb regeneration is concerned.

154 seems. therefore. that ‘nerves produce a trophic substance which |

1nouce; l*é;_regenératlon. and in additjon. nerves may suppress in the

taroet tissues thefr ability to produce Or respond to other growth

'promoting_faCtors.

2 The ontogenetic development of nusc1e spindle

In the hind iimbs of rats,rthe flrst differentiation of nuscle

spindle was observed at the 19th day of gestation, and gorphogenesis was
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~
W

:,catpleted by the‘?Stn day afterﬁofrth.- Arthoogh'proprioceptive fibres

- are observed at the 19th day of gestation. motor nerve endings are not
uSua11y‘apparent until the Sth day after birth in the hind 1imb muscles
e.g. soleus. 'When nerve jschiadicus was 5ectloned1n 19-20 day old rat
fetuses (Zelena. 1957) differentiation of muscle spindles did not pccur
in soleus musclei -this ffnding soggested that differentiation of muscle
spinoles depends upon an influence e;erted by the oroprioceptive nerve

fibres.

1. Trophic effects on dendritic organxzatfon

LY

" One of the nafn afferent inputs to the rat ﬂre p1riform'cortex
'arises from ce]ls in the olfactory bulb. Section of the latter. resulted - ,
in 2 significant reduction in the density of the dendritfc network of
‘pyranfdal neurons pgrt1cu1ar1y in causing a3 decrease ~among dendrit1c
branches of hfgher orders, without any obvious reduction in the numpber of
-priuary dendrites (Jones and Thomas , 1962}. 1t seems, therefore. that
deafferentatfon 1eads to atrophy of the dendrftic tree. However, 1ackﬁof ,:
function may also play @ role. since rabbfts reared»1n complete darkneos
" from birth showed norphologfcal changes in the dendritfc spines of -
neyrons of the viSual cortex. (Giobus and SCheth] 1967) and in rats
.."reared under sinflar condftions. there was a sxgnfficant reduction in the
.nuzber of dendritic spines in the apical dendrite of pyramidal cells of

‘the visual cortex (valverde, 1967).

ey
N

4. Trophic effeots on taste buds

In macmals And fishes, nerve sect1on re5u1ts -in" the dfsappearanqe‘
-~ of titte bOds.'uhfch re- differentiate uhep regeneratfng ffbres of the _
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sectioned nerve reinnervate the papiilae of the tongue (Dakliey and

genjanin, 1966). In rats, fungiform papi]lae (anterior end of the B

rongue) are innervated u exclusive!y by the chorda tympani nerve, the
vaillate papilla by the glossopharyngeal ner.¢, and taste-buds of the
fo\liate papillae by either one or the other of these nerves (Z ewsk i,
1969b). When these nerves are cut and the proxima\ stumps ar
SUtured with the distal stymps, taste- -buds reappear {Zalewski
However, n¢ taste- -buds are found following re1nnervat10n of the anterior

or posterior end of the tongue uith predoninantly sensory non-qustatory
.‘nerves tlingua}),'motor (hypoglossal). or m1xed e.qg. myohyoid) Guth

1958; Zale;ski. 1969b). These resu1ts ind1cate that in mammals only

nerves inichfcontain gustatory fibres induce the fonnation of taste buds

in denervated papitIae Houever -in newts when the tongue is trans-

planted to - the orbit taste buds disappear w1th1n 3 weeks, and subse- o,
: Quent1y reappeared (Poritsky and. Singer 1963), which 1nd1cates that in
'a~ph1bians non- gustatory nerves can exert ‘this trophic function on the
tongue'epitheliun Moreover, uhen'the tongue is transp1anted to the

N 1iver 1h"nents.'taste buds were found 1n the[absence of any demonstrable
innervation (Hright.,196§) 1t should be noted, however, (that tnewllver

s an organ which possesses a renarkable capacity of regeneration even

in mammals (kRP duII.. 1969) , Nevérthe]ess. these resulFs 1nd1cate th?t-‘

- .the trophic fattor(si necessary for inducing and maintaining taste buds

are .not exclusively produced by gustatory nerves in newts, in contrast

to the situation in mamals. 3 7 :

P
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5. Trdphic'effects of nérve dn ruscle

" The trophic effects of nerve on muscle Havg recpived ccns{derabie
attentipn over the past years, reviewed recently by'Harris,(1974]. It
secns that in many eﬁperiments it is djffiCult:to distinguish effects
. which cquld be attributed to the-lacL of a presumed ﬁrophic factor, with
" +hose ‘due tO disuse-bf the ruscle. Thé.most important advance in this
field and relevant to the present studies, has been the demonstrétiqu
'Lhat bTockade of axoplasnic transport using e1ther colch1c1ne or vin- on
blastine reSuTted in phenomena which are also observed after nerve secti;n.
‘such as acety\cho]ine Supersensit1v1ty (Hof fman e t al. , 1972, Albuquerque
et al, 1970, 1971, 1972), TTx-resistant action potentials (A\buquerque et |
al., 1972& Cangfano, 1973). and Iowered membrane .resting potential
(AlbuQUerQue et al. . 1972), in these experiments neuromuscular trans-
ai,siOn was reta1ned, alth0ugh ﬂuscular atrophy ua? observed in some '
cases. However, (Cangiano,,1974 Lgmo, 1974) the situation is stitl
uncertain since.co1ch1c1ne may act directly on the muscle menbrane to

cause ihesé'thanges; 1ndependent1y of its action in blocking axop1a5m1c

transport.
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A5 a-'*uf" fror'"he hst of exa-—,hs f‘Of".ﬁtr—(‘ri in Par® 1
veye cpllater ! sn out nn {s a phenomenon of HidES'h‘“ud-\n’ ,.,.,._n, , ,
._"'."1'-"""-3" 0 _Nr'.ia. cmena‘tw'n chept for possaMn m a few £a%es
..o%ed "'—'n f'he NS (s'ee Part i-C~3(aH Conaterai sprct;tmn c0uld be
'-:f-'udered a4 a mechanism of evo\utionary advantage ier;the animal, in
"*at K muld 3llowm cmensa'wn aft‘hltraumatic 1osses of mnéwaum.
'Z'j. ‘n—.nle rats the penpheral fields of the pudendal nerve have been
ohserved ..o 'hanqe in response to. injectmns of estrogens: (,Komsarulr
“en at, |l 97?) This squest that colla-tera] sproutmu may. occw in
_'oaTthy e"uh. anuna\s as 3 means of contmlling penphera1 -nerve f1e1ds
rordlna to funct!onal states of the who1e aninal in thxs partiCular =
ndaple homnai levels. ) mis idea is further strengthened ﬁy“the obser:
-vatior thaf' 2 sman percentage of mtor nerve endinqs (Baker and Ip. 1966)
s ueH 25 sensory ‘ones (Tello 1932 FitzqeraId ‘IQGT 1062) have cbeen \
ﬂ‘\served o underno obvious degenerative channes in nomal animals
: inc!udinq hunans uhﬂe nearby aaons eﬂitted sprouts " these ?"“”““5 ; :"
.wqgest that nomny there is a. chnt and continual deqe"efatio"- of some:
. _nerve endtnns mich are replaced by spronts fran nearby healthy axons .
. ?'or-over. possib!y adaptive changes ‘in the cns such as the,
\\:shortemnq in reflex latency betueen s&’lamander nerves 15 and 17 uhen

the - fo;!f nerve increg‘ses the size of its. sensory fje!d after section of
{

Stirﬂnq. 1973) may invo]ve coHatera'l nproutinn 1n th _ CHS

‘ R _“1['— ‘ . Lot
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This kind of reSult-suggests in general that neurons which fave a larger
afferent input ndy acquire a greater control over central neuronal
csrfuitry. possibly by central sprouting, It is a matter of SpECu]at10n,
rat 1t can be syggcsted that learning, -in the sense of aCQu1r1ng know-
Jedge by experience, may involve similar mechanism(s}.
According to-the h;pothesis'proposed to explain the'ftndings of

:he present research, reduced axoplasmic transport disturbs the equi--
libriun between a presuﬂed stimulant substance: released by the target
'1ssoes and a troph1c nerve factor thch w0uld be inhibitory to any
further nerve grouth the result 1S tne appearance of a signal for
sprouting. Such a sticmiant substarce may act Ioca11y on nerve end1ngs.
or {t oay be picked up by nerve terninals, transported in retrograde
c1rection_toathe neuronal body uhere it uOuld trigger the events 1ead1ng
to coltateral sprouttng. The experirents in whlch colch1c1ne treated
nerve 15 did not increase its touch-receptive field in response to ‘the
stizulus provided by sectton of the adJacent nervexlﬁ may be 1nterpreted
""es er?drnce of colchicine blocking the retrograde axoplasmic transport.
:nd hence the signal to spr0ut This 5uggest10n is supported by observa-
tions in uhich the chromatolytic responses observed in cockroach moto-
neyrons after section of the motor neryes. (Pitman et al., 1972) or in
“cilfary gangiion of chickens after axotomy of the post-ganglionic fibres
(Pilar et al., 1972) was nizicked by Yocal. application of colchicines

in these'ed%es ‘it seems that colchicine blocked the retrogrode transport

/-‘
of a SubstAnce uhich normally would prevent the chronatolytic reactions

An estimate of the aintmum rate of transport of the postulated

assuming that sprouting starts after,

nerve trophic.factor can be oade,



f In qon;lusion,;

' ‘ : =y
 with the hypothesis that neurotrophjf‘factors
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all substaﬁﬁe contained in sectioned {or treated) nerves has flowed tokv
terminals and been effective there (Miledl ;nd Slatér. 19?0; Harrié et
.gl.. 1972). Since coltateral sprOuting was observed as early as tﬁe 5th
day after colchicine treatnent, and 'he d1stance between the site of

arug appIication and the tip of the toes ranges from 30 toAsb mm, the
neyrotrophic factor(s) can be estimated as being transported at a rate of
about 10 mﬂ/day' Hea;;reﬂents of the rate o of transport of 34-1abelled
~aterial in hind 1ird nerves of salamander have been found to be - 35-

30 m/day for the fast transport systen and O.5r1.0 mm/day for the slpw‘
flow at 20°C (Cooper. Dia%ond Fried and Turner, personal communicatiqg)-
‘slow flow 1S usually ot tnis value in most animals {see Table 6-1). Tth .
1t seems that the fthqings.are consistent with the assumpt1on that the
neurﬁtroﬁhic factor(s)-may pe carried by the fast a;op]qsm\c transport
.systeml. : - | ) 5 .

. F(E;lly; experiments like those of Cuenod gg_él.. (1972),5ﬁ which

intraOCular 1nJection of colchicinevdid not provoke 1npa1rnent in the[- |

E3

conduction of nerve iﬁpulses 1n the optic nerve but caused early degen-

erative changes tn the optic nerve terminals raises the qUestion of
whether in the present studxes colchic1ne nay have caused degeneratton in
scne teminals 1n such a.way that the total area innervated by nerve 16

did not: differ signif1cantly from that of untreated nerve ‘16, but that the

denslty of nerve 16 end}ngs was decreased Pre11minary experiments in
uld 1nd1-

1

this 1aboratory (Coopcr and D\amond personal cannunacat1on) w0
\

cate that thif/;;enonenon did not ‘occur after colchicine treatment
o the results of the present research are consistent

carried by fast.axoplasmic

-~



265

sransport are c0ncerned with the requlation of the size of periphera]

- nerve fields. On the other hand they are 1nconsistent with the hypo-
\hes1s which assuﬂes that collateral sprOuting depends on the release O k\
sroducts of nerve degenqr}tton or funct1ona1 1053 due to absence of -

nerve izpulses, or prodycts of Schwann cell reaction, etc. Since affer-
ent nerve . 1zpulses travel . in the opposite diredt10n to that of prbximo-
distal axoplasaic flow ;nﬂ it is hard to imagine for the skin somethtng
ana\agoUs to disﬁ;e atrophy observed in 1uscle; it may be that the '
cutaneous nerves of. S;Iamander constitute the best example for the

existencc of neurotrophic influences of nerve, probably inyo]ving the

(fast} axoplasnic trancpo-t of the hypothesized trophic factors.

&

s
{
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Part X o SUMMARY

|
-

p
1. - In the present research the effects of colchicine—induced block

“of axoplasmic transport have been coepared with those of partial dener—

vation on the peripheral side of nerves (15, 16 and 17) 1nnervat1ngAthe '

- nind lich of salamanders.

E
2. The electrical responses in nerves and muscles to either mechan-

ica1 stimu1at1on of the skin, or eIectr1cal st1mu1ation of the nerve,
ShOHed that both the touch- receptive and motor fields of hind 11mbs of
nornal salamanders were bilatera]\y syrnetrmalJ Therefore, changes in
such sycretry could be ascribed to the exper\neLta1 protedure performedl ’

R A
on the treates ,1de; -

1. % In vitro expériments showed that acote applieation of colchicine

sosutions \Jp to 0 14) for 30 minutes tO 2 nerve trunk did not provoke any

‘ t-mediate impatroent in jts ability to conduct nerve 1npu15es although

-

) . \
nigher doses (0.2¢) did. Doses higher than 0.1My therefore were not

|

ysed in the following experiments.

'

L]

5. : Both after total section or co]chicine treatment of nerve 16,

size'of the touch-receptive fields of the adjacent nerves 15 and 17 were

signifibant]y {ncreased.

DCCurred at the Sth post- -operative day and the effect was mazima] by the

8th to the IOth post operative day The colch1c1ne effect was dose-

dependent.

& ' i : 266 N é; o

In both, casef‘fﬁe “earliest detectab1e increase
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o N
Similar increases in motor fields were significant only after

: v
nerve section. but not after colchicine treatment, although some individ-

ual experinents strongly Suggested that increases in motor fields may
also OCCUF in co]chlcine treated salarmanders. ' The increases nmper1phera1

Ve
nerve fields have been attributed to collateral spr0ut1ng

5. - Section of right nerve 16 resulted in an immediate severe
functional deffcit e.g. severe limping; 'however, normaluwalkipg recov-
“‘ered on the average bf the Sth post- operative week. Colchicine- or
d-Dhibian Ringer treated salamanders showed only minimal or no 11mp1ng at

-

all.

-

.6.:‘d HorphofogicaT,and electrophysiolog1cal studies showed that the

acute app]icatidn of colichicine solutions d1d not provoke subsequent nerve .

degeneration, and the size of the peripheral.field§ of the treated nerve

were unaffected.

1

1. Colchicine at.doses uh1ch provoked collatera] spr0ut1ng (0.03M to

T

0.1M) dininished ﬁignif1cant1y the axoplasmic transport of catecholanines

and cholinesterase. as shown by histochemical methods. and reduced sig-

T

o

nif'lcantly xhe nucber of axonal micrntubules_ﬁ

8. . A sinﬁlar applicatlon og colchicine to nerve 15 prevented it from

sprouting in response to the stinulas provided by section of the adjacent

nerve 16.

[

9. fﬁese findings are consistent with the hypothesis that nerve ter-

minals are??bntinualdy supplied by fast axgp1asnic transport with a-

J‘ v
oy : [
iy
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trophic factor concerned with the regulation of the size of peripheral _%ﬂ‘

nerve f{elds When this Supply is reduced, either by nerve sectlon or .i. :

by pharﬁacological blockade of axoplasmic transport, adjacent nerves ’ Tl
SDFOJt and invade the territory of the treated nerve. In addition, the

ability of the nerves to sproyt is dependent upon the maintenance of

axoplassic transport. R

U et
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